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ABSTRACT: A conserved hydrophobic region in the bilirubin-type UDP-glucuronosyltransferase isozyme
was first uncovered as a consequence of a deleterious mutation in the UGT1A1l (HUG-Brl) isozyme of
a Crigler—Najjar (CN) Type | patient. According to analysis by the RAOARGOS computer program,
this hydrophobic region in UGT1A1 is located between residues-159 and defines a buried helix
centered over position 16972 with a positive factor of 1.22. Further analysis showed that the planar
phenol-type UGT1A6 (HLUG P1) isoform, unlike the steroid-type UGT2B7 (UDPGTh2) isozyme, has a
similar conserved hydrophobic region and that the positive factor for its buried helix is 1.14 compared to
the threshold of 1.13 for such a structure. The analysis detected the typical membrane-insertion-signal
sequence and a membrane-anchoring domain in each isoform. The different amino acid sequence patterns
between positions 168172 for the three types of isoforms and the deleterious mutations in this microregion
(MRA) of UGT1A1 in CN-I patients are evidence of a critical and descriminating role for MRA. With

the recombinant UGT1A1 enzyme and its mutants, P167G, F170del, F170L, F170l, F170V, F170A, F170Y,
F170E, F171L, F171l, F171V, F171A, F171Y, or L175Q, expressed in COS-1 cells, bilirubin
glucuronidating activity at both pH 6.4 and 7.6 demonstrated that Phe-170 is not replaceable, whereas
Phe-171 can be replaced by Leu without any loss of activity. The less hydrophobic buried helix in the
phenolic-type UGT1A6 has a Tyr/Leu at position 170/171; this isoform glucuronidated bilirubin at 1/10
the level of that by UGT1A1 with a Km (bilirubin) of 26M compared to that for UGT1A1 of 5,0M.

In humans, some 26400 mg of heme-derived bilirubin  critical characterization of the bilirubin isoform, UGT1A1
IXa is produced daily from salvaged senescent red blood (HUG-Brl), and a less abundant and minor bilirubin isoform
cells requiring detoxification to prevent hyperbilirubinemia (UGT1A4, HUG-Br2). These studies demonstrated for the
and, potentially, neurotoxicity. At physiological pH, the first time that either isoform expressed in COS-1 cells could
dianionic bilirubin 1Xa internally hydrogen bonds creating generate the three bilirubin glucuronides. Furthermore, the
a hydrophobic-behaving water-insoluble compound with cDNA clones were used as probes to isolate and describe
special affinity for the phospholipids of the central nervous the novel genetic locus)JGT1A(4, 5, which encodes the
system. Thus, sustained severe hyperbilirubinemia will lead bilirubin and the phenol isoforms. Each of the isoforms
to lethal neurotoxicity (for review, see rd). The endo- encoded at this locus shares a common carboxyl terminus
plasmic reticulum bound bilirubin UDP-glucuronosyltrans- (4).
ferase (transferase) covalently links glucuronic acid to either ~ Although some 2530 deleterious mutations at the
one or both of the propionic carboxyl groups of the derivative UGT1Algene have been shown to cause CN Type | disease
thereby producing either water-soluble bilirubin-IXaC8 (2, 6, 7), certain missense mutations have been invaluable
monoglucuronide, bilirubin 1XaC12 monoglucuronide, or in delineating essential structure8, (9) in the bilirubin
bilirubin 1XaC8C12 diglucuronide. Evidence from the isoform.
genetically transmitted CrigleiNajjar (CN) Type-| disease Because bilirubin transferase-replacement includes pri-
characterized by the total impairment of bilirubin transferase marily the invasive liver transplantation strategy and, predict-
activity (2) and the associated lethal neurotoxicity) (  ably, gene therapy in the future, it is necessary to understand
indicates that this enzyme system is the only effective the essential elements of catalysis by the wild-type transferase
mechanism for the clearance of bilirubin from humans. in order to understand how to adapt and enhance the activity
Thus, bilirubin transferase, critical to bilirubin homeostasis, of certain of the mutant versions found in the population. In
removes the large daily load generated by the heme oxyge-this study, we have focused on the disruption of a unique
nase-biliverdin reductase system of the spleen. and essential hydrophobic microregion, designated MRA, in

The isolation and expression of two different human the UGT1AL bilirubin isoform and the structuréunction
bilirubin transferase cDNA clones3) allowed for the first relationship of a conserved diphenylalanine in this region
of bilirubin-type isoforms. Further, the effects of deleterious
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MATERIALS AND METHODS CAG-3); F170V, sense ((CTGCCCACTGTAGTCTTCT-
. TGC-3); and antisense 55CAAGAAGACTACAGTGGG-
Materials. The sources of reagents used to carry out CAG-3: F170A. sense (BCTGCCCACﬁAGCCTTCTTG-
recombinant DNA techniques are already descril@dThe 3) and' antiseﬁse (&AAGAAGGCTACAG_TGGGCAG—
TA vector was obtained from Invitrogen (San Diego, CA). 3); F170Y, sense (SCTGCCCACTGTATATTTCTTGC-
The sources of materials for (a) the transfection of plasmid 3’)’and anti,sense (B3CAAGAAATATACAGTGGGCAG-
DNA into COS-1 cells, (b) the radiolabeling and immuno- 3); F170E, sense (ESTGCCCACTGTAGAGTTCTTG-3
precipitation of the in vitro expressed bilirubin transferase ana antisense (—K:AAGAACTCTACAﬁGGCAGG);
protgin, gnd (c) the bilirubin glucuronidation assay are F171L, sense (&CCACTG'WTCTTGTTGCAT—Z%) and
detailed in previous report8(10. _ antisense (SATGCAACAAGAATACAGTGGG-3); F171l,
History of the Crigler-Najjar Patient After birth, the sense (5CTGCCCACTG_TATTCATCTTG-3 and antisense
serum unconjugated bilirubin of the patient, LC, reached 470 (5-CAAGATGAATACAGTGGGCAG-3): F171V, sense
uM before phototherapy treatment was begun that maintai”Ed(5'-CCCAﬁGTATTCGTCTTGCATGCA-E) and antisense
the concentrations between 90 and 13@; normal levels (5-TGCATGCAAGACGAATACAGTGGG-3); F171A,
range between 8.6 and 1G:®R1. At 3 weeks and at 6 months  ganse (5CCCACTﬁTTCGCCTTGCATGCA-3 and an-
of age, the hyperbilirubinemia did not respond to phenobar- tisense (5TGCATGCAAGGCGAATACAGTGGG-3);
bital treatment. F171Y, sense (SCCCACTGTATTCTATTTGCATGCA-3)
Isolation of Genomic DNAGenomic DNA was isolated  and antisense [(FTGCATGCAAATAGAATACAGTG-
from blood samples of the CN-I individual (proband) and GG-3.
the parents as already detailé). ( The outside primer set for all mutations was OP170, sense
Polymerase Chain Reaction, Subcloning, and Sequencing(5'-CAGGGCGGACGCCCACTTGT-3, and PXASG6, an-
of PCR Products Sequence analysis showed that the CN-1 tisense (5TAAACACCATGGGAACC-3). Each sense
patient, LC, contained a missense mutation within MRA. primer used with the antisense PXAS6 generated a 652 bp
Hence, we included the characterization of that protein in fragment, whereas the antisense primer used with the sense
this study. Exon 1 and the 4 common ones of tH&T1A1 primer OP170 generated a 484 bp fragment. The inter-
gene of the patient were amplified by polymerase chain changed hybridizing fragment generated by combining the
reaction (PCR) and sequenced as descril®d A point 652 and 484 bp PCR products was used as a primer in a
mutation (CTG to CAG) converting codon 175 for Leu to reaction with the primer set, OP170 and PXAS6. The
GIn was uncovered in one allele (2/10 subclones) of exon 1 reaction generated a 1136 bp fragment containing the
of the UGT1Algene of the patient. The allele is predicted mutation of interest. The fragment was digested viifial
to produce a full-length mutant protein with the substitution andBstHI; the resulting 1020 bp fragment was ligated into
L175Q. Sequencing the appropriate genomic DNA sub- the Apa/BsiEll-digested wild-type expression unit, pSVL-
clones (2/10) revealed that the mother is heterozygous forUGT1A1. The replaced fragment contained each of the
this missense mutation. Also, nucleotide G was deleted (2/5mutations. The replaced segment, including the ligation sites,
subclones) at codon 325 (nt 973) in the common exon 2 onwas sequenced to ensure that no other changes occurred in
the other allele of patient LC; the deletion is predicted to the reading frame.
generate a premature stop codon at 365. The genome of The L175Q mutant of UGT1A1 was constructed by
the father is also missjna G atnucleotide 973 (2/6  amplifying the exon 1 ofJGT1Alof the CN-I patient with
subclones) of thaJGT1Algene. Genotypically, LC is a primer set PAG4 and PAGS58) to generate a 990 bp
compound heterozygote, L175Q/973 del G. No nucleotide fragment which was subcloned into the TA vector. After
sequence data are shown. digestion of the insert withpa andBsaAl, the excised 512
Construction of Altered pUGT1A1 Expression Unisll bp fragment was ligated intdpa/BsaAl-digested pSVL-
of the MRA mutants were constructed in the pSVL-based based UGT1Al. The L175Q allele was recently designated
UGT1A1 (HUG-Br1) unit which was previously described UGT1A1*12(7). The replaced segment and ligation sites
(3). The point mutations were introduced at codon 167, 170, were sequenced to ensure that no other changes occurred in
171, or 175 of the UGT1A1cDNA. The mutated codons the reading frame. The phenolic-type UGT1A6 expression
are designated as follows: P167G, F170del, F170L, F170l, unit was cloned as describeti(].
F170V, F170A, F170Y, F170E, F171L, F171l, F171V, Expression of the Units with the Wild-Type and Altered
F171A, F171Y, or L175Q. F170del and L175Q represent cDNA in COS-1 Cells and Immunocomplexing of Pratein
the UGT1A1*13and UGT1A1*12allele, respectively, un-  COS-1 cells were plated in 100 mm dishes 4t délls and
covered in different CN-I individuals by Ritter et aB)(and grown to 90% confluency in 24 h in Dulbecco’s Modified
by Seppen et al.1(1). The alleles were recently named Eagle’'s Medium (DMEM) with Hepes buffer and 4% fetal
following the formulation of a nomenclature strategy for the calf serum (FCS); pUGT1ALl or each of its mutants was
isozymes of the UDP-glucuronosyltransferase superfamily transfected into cells using DEAE-Dextran as the carrier as
(7). Two independent PCR reactions were carried out for described&, 9). In addition, the phenol-type UGT1A6 was
each of the above mutant codons, except for L175Q, usingexpressed. The transferase isozymes were radiolabeled
the following primers: P167G, senseé-GBGTGTCTCTGGG- during the find4 h of theincubation as previously described

TACTGTATTCT-3) and antisense’({i'\GAATACAGTAE (8, 12. Goat anti-mouse UDP-glucuronosyltransferase 1gG
CCAGAGACAG-3); F170L, sense (SCCCACTGTATTG- was added to the solubilized labeled cellular extract and
TTCTTGC-3) and antisense (85CAAGAACAATACAG- processed for SDSgel electrophoresis as describ&d 12);

TGGGCAG-3); F170I, sense (SCTGCCCACTGTAATCT- the dried gel was scanned on the Fuji Phosphorimager BAS
TCTTG-3) and antisense (CAAGAAGATTACAGTGGG- 2000 and exposed to X-ray film for an autoradiograph. The
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Table 1: Comparison of the Hydrophobicity in the Microregion A of Three Types of UDP-Glucuronosyltransferases
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@ The microregion A (MRA) of the UGT1A1 protein was compared to that equivalent region in other bilirubin-type, simple-phenol type, and
steroid-type isoforms from various species. UGT1A3, a human bilirubin-type, the minor bilirubin isoform, UGT1A4, (HUG-Br2), and bilirubin-
forms from rat, mouse and rabbit are shown in lines72The mouse and rabbit bilirubin isoforms have not been expressed to verify bilirubin
turnover. MRAs in human UGT1A6 (HLUG-P1), rat, mouse and rabbit simple-phenol isoforms are shown irHitfesT®e hydrophobic residues
159-177 (dark shade) in UGTG1A1 and 15275 in UGT1A6 define the buried helical structures; in both isoforms, the peak is centered over
residue 169-172. The equivalent MRA in human UGT2B7 and human UGT2B15, rat UGT2B1, mouse UGT2B2, and rabbit UGT2B14 are shown
in lines 12-16. The conserved Ser-168 in the phenol-type isoforms appears to be at position 171 in the steroid-type isoforms as indicated by the
diagonal arrow and the shaded residues at the hydrophobic core of MRA. The detection of the buried helices are described in Figure 1 (arrow).
Bold letters highlight conserved residues present in every form or where there are distinctions between types of isoforms. The amino acid position
152 is 150 for the rat bilirubin and phenol, 151 for UGT1A6, 153 for the UGT2B1, UGT2B2, UGT2B14, UGT2B15, UGT1A3, UGT1A4, and

UGT1ADb, and 154 for mouse bilirubin Ugtla6 isoforms.

guantitation of the radiolabeled proteins was used to normal-
ize for equal amounts of wild-type and mutant protein.
Assay for Bilirubin Glucuronidation.Cell homogenate
containing expressed witttype or mutant enzyme was used
to determine bilirubin glucuronidation as describ&d 13
with minor modifications 9, 10. Since we have demon-
strated 8) that the wild-type human bilirubin UGT1A1
glucuronidates bilirubin at a rate-B-fold higher at pH 6.4

glucuronidating activity. Equal amount of specific protein
used in each assay was determined as described above.

RESULTS

The discovery of an unusually hydrophobic and conserved
sequence in the human UGT1A1 protein and other bilirubin-
type isoforms [human: UGT1A4 (HUG-Br23): UGT1A3

than at pH 7.6, we carried out assays at both pH values forand UGT1A5 §); rat UGT1A1 (4); mouse Ugtlallb);

all versions of the isoform. Optimal conditions were as
follows: 1.41 mM [4CJUDP-glucuronic acid (1.41 mCi/
mM), 5.0 mM MgCh, 16.6 mM saccharic acid, 1,4-lactone,
and either 33 mM triethanolamine, pH 7.2, or 20 mM sodium
phosphate, pH 6.4, in a total volume of 1@Q. After
storage at-70°C in PBS! cell homogenates, spun at 10 000
rpm in a microfuge for 15 min to remove storage buffer,
were resuspended in the reaction buffer containing MgCl
and saccharic acid 1,4-lactone; cellular protein was then
treated with CHAPS (0.7 mg/mg of protein). Detergent-

treated cell homogenate was added to the reaction vesse

followed by 4CJUDP-glucuronic acid. Bilirubin (10 mM)
was dissolved in dimethyl sulfoxide, and 2:0 was added
to the 98 uL reaction mixture and incubated at room

temperature for 16 h. All subsequent manipulations and data

analyses were carried out by TLC chromatography and
scanned on the Ambis Radioanalytical Imaging System |l
for quantitation of product as already describ&8)( Mock

transfected COS-1 cells contained no detectable bilirubin

! Abbreviations: CHAPS, (3-[3-cholamidopropyl]-dimethylammo-
nio)-1-propane; PBS, phosphate buffer saline.

and rabbit UGT1A04 16)] was a consequence of a poten-
tially lethal in-frame Phe-deletion mutation at amino acid
residue 170 (F170deyGT1A1*13 in a Crigler—Najjar type

| patient; the surrounding sequence in the protein was
designated microregion A (MRAB]. Upon comparing the
region in bilirubin isoforms to other classes of UDP-
glucuronosyltransferase Table 1, it became evident that a
characteristic and related sequence in this region identifies
each of the three classes of transferases. The bilirubin- and
i)henol—type isoforms [human UGT1A6 (HLUG P1}7;

at UGT1A6 (phenol UDPGT)18); Ugtla6 (mouse phenol
UDPGT) (15); and Rabbit UGT1A6 19)] contain an
apparently highly hydrophobic sequence in the equivalent
position from residue 167 to 172; this hydrophobicity is
disrupted by Ser due to an apparent translocation at position
171 [Table 1 (diagonal arrow)] and an extra charged residue
in the steroid isoforms.

Computer Analysis of UGT1Al, UGT1A6, and UGT2B7-
(UDPGTh-2) Proteins Using the RAOARGOS Program
Because the evidence from the UGT1A1*13 mutant protein
indicated that the hydrophobic region was essential for
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bilirubin glucuronidation, we used the RAOARGOS com- A
puter program Z0, 21 to analyze for differences in this 1.47] 167
region among the three different transferase types: a PTVFFLHA
bilirubin-type, a simple phenol-type, and a steroid-type as
shown in Table 1. This program is designed to identify 17
membrane-associated structur26)( With certain restric-
tions discussed,the RAOARGOS program predicted, as
shown in Figure 1, panels A and B (arrows), that a buried .
helix exists in both UGT1Al and UGT1A6 between residues
159-172 and between 152 and 175 with a positive factor e L e . o B
of 1.226 and 1.144, respectively. The core hydrophobicity 1 180 288 388 188
is between 168 and 172 of the proteins. The lower limit for B
the positive factor is set at 1.13 to satisfy the designation 147 167
buried helix. On the other hand, the steroid-type, UGT2B7 | PSVYLFRG
(12), is predicted to lack a buried helix in this region (Figure
1C, arrow). As defined by Mohana Rao and Argos in the
footnote 2 and as shown in Table 1, both the bilirubin- and
phenol-types meet the maximum of two charged amino acids
in a buried helix containing between 16 and 35 residues while ¢ 1
the steroid isoform contains three charged residues in this
same region. Furthermore, the steroid-type isoform contains —». | — —
the a-helix-neutral Ser at position 171, the core of the T e e me e e
hydrophobic region in the bilirubin- and phenol-types.

The program predicted that each of the three isoforms c

contains-like all isoforms studied to dateboth a hydro- o 7
phobic membrane-signal peptide and a membrane-anchoring 1.z - SLSF
domain at a position less than 30 residues from the amino
terminus and between residues 495 and 514, respectively ']
(Figure 1). e
Expression of the Wild-Type and mutant Bilirubin UGT1A1
—

8

I

1

Buried Helix

Isoforms. Because the four consecutive hydrophobic residues ¢
containing the diphenylalanine at position 170/171 in UGT1A1 —>, T
have the greatest possibility of participating in arhelix 1 198 260 38u 188 s6e
(20), of being buried 22), of being at the core of MRA, and No. Amino Acid Residue

because the Phe-170 deletion mutant caused the potentiallyFicure 1: Plot of buried helices parameter versus amino acid
sequence number for UGT1Al, UGT1A6, and UGT2B7. The
buried-helix parameter for the bilirubin (UGT1A1), the human
simple phenol (UGT1A6), and the steroid (UGT2B7) isoforms

2 Briefly, the RAOARGOS program utilizes hydration potential, the

free energy of transfer for a given residue type in a helix in aqueous . . ) ; .
medium ?oya helix in a nongolar phase, p%rljarity, bulk, and% turn Versus the amino acid sequence number is shown. A buried helix

conformational preference to predict sufficientelix to traverse or is shown (solid line) for all isoforms between positior 30 and
become buried within the membrane lipids. On the basis of the results #80-519 for all isoforms. A third buried helical structure exists
of a survey of 49 integral membrane proteins generating 256 membrane-P€tween 159 and 172 for UGT1A1 and between 152 and 175 for
buried helices out of a total of 5632 predicted residues, the authors UGT1AS6, respectively, with the peak over 16972 in each case.
restricted the parameters which should be met in prediaiifglix The plots were obtained by using the RAOARGOS program which
with membrane association or membrane buried. (i) The minimum and is designed to detect buried helix in membrane-bound proteins with
maximum lengths of the predicted helices were set at 16 and 35 criteria and restrictions described( 21).

residues, respectively, to attain one helix that can span a typical

membrane. (ii) Only those regions with positive prediction values that ; i ;
are at least 10 residues long and that are extendable by the inclusionleth'glI Crigler-Najjar type | disease, we have focused on

of neighboring hydrophobic and weakly polar residues were considered this site to study the requirements for bilirubin glucuronida-
to be possibly helical. (iii) Since lipid-associated helices have to interact tion. Mutants with conservative substitutions at both posi-

with the interior of the membrane, it is expected to be devoid of charges. tions 170 and 171 with either Leu. lle. Val. or Ala were
Charges in such a structure in some cases may be required. Topologi- . . . L ’ }
cally, the structure(s) could arrange in such a way that the charge(s) is‘c’tudled to determine the critical nature of the hydrophobic

not in contact with the lipid medium but is situated inside the cavities residue at either position, and Tyr was substituted to compare
formed by the helical bundles. (iv) The analysis excludes positive peaks hydrophobicity/aromaticity requirements. The effect of

that possess more than three charges or more than five charged an ; _
strongly polar residues (Arg, Asn, Asp, GIn, Glu, Lys). A buried-helix ‘ﬁegatlvely charged Glu-170 was analyzed. Further, we

parameter was developed from amino acid composition of consensusStudied the effect of L175Q, also seen in a Crigiiiajjar
helical regions uncovered in the survey of families of cloned membrane- Type | individual, on hydrophobicity of the MRA and the
bound and integral-membrane proteins. The strong helix makers areevident total loss of in vivo bilirubin glucuronidation causing

Phe, Leu, lle, Ala, Cys, Met, and Val, with Gly, Thr, Trp, Ser, and e - L .
Tyr remaining neutral. Gly and Pro and charged residues (when present)the severe hypgrblllrublnemla n the patient.
tend to concentrate in the vicinity of the predicted helix midpoint. =~ We show in Figure 2 that the wild-type and each mutant

Histidine seems to cluster near the surface, but still inside the membranecDNA unit expresses specific protein. In a previous study

bilayer. Aromatic side chains (His, Phe, Trp, and Tyr) tend to be spaced ; ; ~
two or three residues apart enabling them to stack one above the other(8)’ the mass of both the UGT1AL protein and its Phe

Strongly polar residues, together with His and Tyr, have a high predicted 'de_:letion mutant (UGT1A1*13) was shown to be_52 _kD?- !n
potential for terminating membrane-buried helices. this study, the mass of each of the mutant proteins is similar
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FIGURE 2: Immunocomplexes of pUGT1A1- or pUGT1Al-mutant transfected COS-1 cells followi8{njethionine labeling. Cells were
transfected with the pUGT1A1 or each of its mutants, radiolabeled #i8jrhethionine, solubilized, and immunocomplexed with goat
anti-mouse UDP-glucuronosyltransferase immunoglobulin as described in the Materials and Mg#hod$iés been showr8] that the
UGT1Al (HUG-Brl) cDNA encodes a 52 kDa protein when expressed in COS-1 cell.

to the wild-type. Amounts of specific protein were normal- substitutions are more devastating to the pH 6.4 activity than
ized as described in the Materials and Methods in order to that at pH 7.6.
compare relative activities. Similarity of UGT1A6 (HLUGP1) and UGT1Al in MRA.
Structure-Function Relationship of Mutations at the |f we compare the character of the amino acid residues
Diphenylalanine in Position 170/171 of the Bilirubin UGT1A1 Petween 167 and 176 for the bilirubin- and the phenol-type
Isoform. As the Phe-170 deletion mutant (UGT1A1*18) ( |sof_orms in Table 1, the presence of a buried helix |_n_t_h|s
led to the discovery that the wild-type enzyme has32 region o_f the hgman UGT1A6 in F|gure 1 and the activities
fold greater bilirubin glucuronidating activity at pH 6.4 W€ 9btamed with conservative s.ubst!tu'uons at the 17.0/171
relative to that at pH 7.6, we carried out all of our Positions of UGT1AL shown in Figure 3, there is a
glucuronidation determinations at both pH values. It should Su99estion that the UGT1A6 protein should be able to
be noted that control COS-1 cells had no detectable bilirubin 91Ucuronidate bilirubin if our assessment of this MRA is
transferase activity for bilirubin (Figure 3). Substitutions at correct. The human UGT1A6 protein can glucuronidate
the Phe-170 position showed that Leu allowed only 13 and bilirubin(data not shown), at least in vitrat both pH vgjues_
59% normal activity at pH 6.4 and 7.6, respectively (Figure at 1/10 the level of that by UGT1Aland has a Km (bilirubin)
3). The incrementally less hydrophobic Val and Ala residues of 25 uM compared to 5.0 uM for UGT1AB),
comp_lete_zly destroyed the pH 6.4 activi_ty_; only the Ala DISCUSSION
substitution further eroded the pH 7.6 activity reducing it to
10% normal. The bulky, but hydrophobic, lle completely ~ Special features of the biochemically derived bilirubiredX
abolished activities. While the aromaticity of Tyr is com- Create its potential for toxicity and the difficulties associated
parab|e to that of Phe, its buried fractioﬁZI is far less; with its detoxification. Itis awater'inSOIUble, |Ip|d-behaV|ng
this substitution retained some 15 and 65% normal activity internally hydrogen-bonded structure through its two car-
at pH 6.4 and 7.6, respectively. Negatively charged Glu at POyl groups of the propionic acid substitutents and its two
position 170, as might be predicted, supported no activity. Pyrrolenone rings. Since only the bilirubin éXisomer—

. . ~.and not its @, IXo0, and IX, isomers-is capable of
Phe at position 171 was less obligatory; replacement with . . .
the progressively more hydrophobic Ala, Val, and Leu internally hydrogen bonding2@) and is the only one when

showed 38, 51, and 100% normal activity at pH 6.4, administeredZ4) to animals that cannot be excreted without

. - undergoing glucuronidation, it is likely that a hydrophobic
respectively, and 44, 70, and 100% normal activity at pH . - g L .
7.6%, respectively. Tyr-171 was 41% effective at pH 6.4 interaction/binding of the heme derivative with the transferase

. ; occurs in order to dislodge the hydrogen bonds to allow for
and was 100% at pH 7.6. The relative effectiveness of Tyr . ; .
" I covalently linkage of glucuronic acid to the carboxyl group-
and Leu at the 170 and 171 positions indicates that both y g g yl group

. 4 hiah hvdroohobici . (s). The linkage creates a water-soluble and excretable
aromaticity and high hydrophobicity are important at 170 ;i hin g-glucuronide. To avoid deposition in the central

and that only high hydrophobicity, but not aromaticity, is e ous system2g), bilirubin X is transported bound to
critical at the 171 position. The total ineffectiveness of the 4,,min from spleenits site of synthesisto the liver via

hydrophobic-helix-promoting lle at both positions indicates  he piood p6) and is transported intrahepatocellularly bound
that its more bulky and space-consuming properties are likely ;. ligandin @7), presumably, to reach the site of glucu-
to disrupt tertiary structure abolishing all activity. ronidation in the lumen of the endoplasmic reticulum.

The mutant UGT1A1*12 protein, inherited by the at-risk Evidence indicates that each of the two specific bilirubin-
hyperbilirubinemic CN-I patient with the substitution of a binding sites in albumin (reviewed in re®6 and 28) is
conserved hydrophobic residue at position 175 for GIn, composed of six subdomains with three 22 residtreelices
revealed a total loss of activity at pH 6.4 with the retention each connected and folded via pliable hinge regions. The
of some 20% normal activity at pH 7.6. At each position, helices include the aromatic residues Phe and Tyr satisfying
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Ficure 3: Bilirubin glucuronidation by the UGT1A1 (wild-type) and mutant UGT1AL1 proteins measured at pH 6.4 and 7.6. Bilirubin
glucuronidation was carried out using 1.41 mMJJUDP-glucuronic acid (1.4 mCi/mmol) with either 20 mM sodium phosphate, pH 6.4,

or 33 mM triethanolamine, pH 7.6. The reactions are described in detail in the Materials and Methods, contained from 0.3 to 0.6 mg of
protein upon normalization, and incubated for 16 h at room temperature. Thelfrdwlirubin 5-glucuronides comigrated and were
separated in a TLC chromatography system as described in the Materials and Methods. The plates were exposed to X-ray film and developed
to generate a glossy; the region containing the product in each case is shown.

% Normal
Control

the theory that these residues form an aromatic milieu capableresidues with high hydrophobicity/aromaticity in the biliru-
of attracting bilirubin. bin-type isozymes; the phenol-metabolizing isoforms have
This highly conserved MRA with high hydrophobicity and a similar motif that differs marginally. A closer comparison
aromaticity in the bilirubin-type transferase isozymes that shows a Phe-Phe, a Tyr-Phe, or Phe-Leu at the 170/171
is critical for catalysis was first uncovered between amino position in the bilirubin-types, whereas the phenol-types show
acid residues 159177 upon finding a homozygous deleteri- evidence for both less of a requirement for an aromatic
ous Phe-deletion mutation at position 170 of the isozyme residue in the 170 position or of consecutive aromatic
from a CN-I patient®). The comparisons made in this study residues. This strong aromatic/hydrophobic region between
demonstrate that this region of the bilirubin-type isoform is 169 and 172 appears to be disrupted by Ser in the steroid
similar to that in the phenol-type transferases but show isoforms as shown in Table 1 (diagonal arrow).
important differences with steroid-type isozymes as shown For the first time, we probed for more detailed properties
in Table 1. The Phe-170 residue is part of four consecutive of the UDP-glucuronosyltransferase isozymes by using the
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RAOARGOS program 20, 21 with algorithms based
specifically on the properties of membrane-bound proteins.
The demonstration in Figure 1 of a buried helix in the
bilirubin- (UGT1A1) and the phenol (UGT1A6)-type en-

Ciotti et al.

Km value of 25uM versus 5.QuM (data not shown). Hence,
the amino acid differences between the two isoforms cause
a less efficient bilirubin-glucuronidating activity by the
UGT1A6 isozyme. It should be pointed out that the

zymes centered over residues between 169 and 172 (or th&JGT1Al and UGT1A6 proteins are overall 67% similar in

equivalent position) with a positive value of 1.22 and 1.14,
respectively, and the lack of one in the steroid-type (UGT2B7)

the unique amino terminus (286/535 residues) and are
identical in the 246 carboxyl terminus as specified by the

isozymes appear to parallel the relative hydrophobic naturecomplexUGT1 locus @).

(water insolubilities) of the bilirubin, phenol, and steroid

Although Gly substitution of the conserved Pro-167 was

substrates, respectively. Notably, the amino acid sequencepotally inactive, we showed in a previous study that Gly

in this region of the steroid is altered in a manner that, among
other changes, reduces hydrophobicity/aromaticity. This
structure/site has the potential to discriminate between

replacement of conserved Pro-285 had 39/74% normal
activity at pH 6.4 and 7.630). Bowie et al. 29) showed
that a Pro, Phe, and lle in am-helical segment of the

potential acceptor substrates based on hydrophobic binding/N-terminal domain of thé repressor could not be replaced

interaction(s).

The total loss of pH 6.4 activity by the mutant with the
GIn-175 substituted for the hydrophobic Leu in the Crigler
Najjar Type | patient specified by the UGT1A1*13 allele

whereas all other amino acids in the 17 residue peptide are

replaceable to varying extents.
Seppen et al.1(1) measured activity for UGT1A1*12 at
pH 7.8 and demonstrated some 60% activity remaining but

further demonstrates a requirement for the hydrophobic with a 10-fold highetK, valu@siiuin than normal. On the

character of this MRA region. We showed that the pH 6.4
activity was totally abolished with 20% of pH 7.6 activity
remaining for this mutant. The RAOARGOS program
(Table 1) predicts that the buried helix extends from residue
159 to 177 in the UGT1A1 protein supporting the require-
ment for a hydrophobic 175 residue. According to the
program, this region extends from 152 to 175 in the UGT1A6
protein.

Our substitutions at the 170/171 position indicate that Phe-
170 cannot be replaced. The nearly equally hydrophobic
Leu had only 13/59% activity at pH 6.4/7.6, and the nearly
equally aromatic, but less hydrophobic Tyr, had 15/65%
normal activity at pH 6.4/7.6. The relatively conservative
substitutions, lle-170, Val-170, Ala-170, or the deletion of
Phe-170 completely inactivated UGT1A1 at pH 6.4. All 170
alterations (Figure 3), except for Glu, showed that the pH
6.4 activity was more sensitive than that at pH 7.6. Glu-
170 abolished all activity. Since neither a conservative
hydrophobic alkyl nor aromatic residue completely restored
activity, the results indicate that both the hydrophobicity and
aromaticity of Phe-170 are obligated.

basis of 60% activity remaining, the authors concluded the
patient was a moderately ill CN-II patient. Although the
physiologically relevant activity, pH 6.4 and/or 7.6, is not
known, the severe hyperbilirubinemia of the patient is
consistent with a far greater loss of activity. The loss of the
pH 6.4 activity, which is typically 2 4-fold higher than that

at pH 7.6, could account for the severe CN-I phenotype.
Since the hyperbilirubinemia of the patient might be expected
to overcome the highéd€,, (bilirubin) of the mutant enzyme,

it is likely that the activity remaining in vivo is not as high
as 60% for this allele.

Hence, the results from the CN-I patients and the amino
acid substitution data at position 170/171 of the UGT1Al
isoform are evidence that the aromaticity/hydrophobicity in
a buried helix structure is critical for bilirubin glucuronida-
tion. A buried helix at the active site requiring certain
hydrophobic proteifrprotein interactions, possibly with the
membrane lipid bilayer, could explain the uniquely poor
reconstitution of bilirubin transferase activitgompared to
other isoforms-during purification conditions31). Tertiary
structures may undergo irreversibe alterations. Although the

Phe-171, on the other hand, was replaced by Leu without description of this hydrophobic and buried structure is, no

any loss of activity. The progressively more hydrophobic
residues, Ala-, Val-, and Leu-171, gave progressively more
activity at both pH values such that Leu-171 exhibited
activity comparable to the native protein. Compared with
Tyr-170, activity with the Tyr-171 mutant increased from

15 to 44% and 65 to 100% of the wild-type activity at pH

6.4 and 7.6, respectively. lle-171 was completely inactive,

which suggests that the wild-type structure has a restricted

conformation and efficient packing without steric clashes

(29). The results demonstrate that while the Phe-170 is not

doubt, incomplete, future studies concerning the active site
and tertiary structure of the protein that modifies this highly
hydrophobic-behaving compound will likely include this site.
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