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Summary

Uridine monophosphate (UMP) synthase is a bifunctional
enzyme catalyzing the last two steps of de novo pyriniidine
biosynthesis, orotate phosphoribosyltransferase (OPRT)
and orotidine-5'-monophosphate decarboxylase (ODC).
Loss of either enzymatic activity results in hereditary orotic
aciduria, a rare autosomal recessive disorder characterized
by retarded growth, anemia, and excessive urinary excretion
of orotic acid. We have isolated the UMP synthase chromo-
somal gene from a XEMBL-3 human genomic library and
report a single-copy gene spanning 15 kb. The UMP
synthase genomic structure encodes six exons ranging in
size from 115 bp to 672 bp, and all splicing junctions adhere
to the canonical GT/AG rule. Cognate promoter elements
implicated in glucocorticoid- and cAMP-mediated regula-
tion as well as in liver-, myeloid-, and lymphocyte-specific
expression are located within the 5' flanking sequence. Mo-
lecular investigation of UMP synthase deficiency in a Japa-
nese orotic aciduria patient revealed mutations R96G (A-
to-G transition; nt 286) and G429R (G-to-C transversion;
nt 1285) in one allele and V109G (T-to-G transversion; nt
326) in the other allele. Expression of human UMP synthase
cDNAs containing these mutations in pyrimidine auxotro-
phic Escherichia coli and in recombinant baculovirus-in-
fected Sf21 cells demonstrates impaired activity presumably
associated with the urinary orotic acid substrate accumula-
tions observed in vivo. We further establish the identity of
two polymorphisms, G213A (v = .26) and 44OGpoly (v
= .27) located in exons 3 and 6, respectively, which did not
significantly compromise either OPRT or ODC function.
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Introduction
Hereditary orotic aciduria is a rare, autosomal recessive
disorder of pyrimidine metabolism characterized by ele-
vated orotic acid secretion in the urine, megaloblastic
anemia, and failure to thrive (Webster et al. 1995). The
condition results from low activity in one or both final
steps of de novo pyrimidine biosynthesis, orotate phos-
phoribosyltransferase (OPRT; EC 2.4.2.10), which con-
verts orotic acid to orotidine-5'-monophosphate
(OMP), and OMP decarboxylase (ODC; EC 4.1.1.23),
the terminal enzymatic reaction that decarboxylates
OMP to uridine monophosphate (UMP). Except for a
single description of orotic aciduria with ODC defi-
ciency and concomitant OPRT elevation (McKusick
258920), all subsequent cases exhibit combined reduc-
tions in these enzymatic activities, a status termed "type
I hereditary orotic aciduria" (McKusick 258900).
The concerted loss of OPRT and ODC activities ini-

tially suggested a defect in a regulatory gene shared by
each enzyme (Krooth 1964; Worthy et al. 1974). How-
ever, the recent copurification and the cloning of a
cDNA identified a bifunctional protein, labeled "UMP
synthase" (UMPS), encoded by a single mRNA (Suchi
1988; Suttle et al. 1988). In contrast with OPRT and
ODC of lower eukaryotes and bacteria, which exist as
independent polypeptides transcribed from distant loci
(Begueret et al. 1984; Poulsen et al. 1984; Turnbough
et al. 1987), human UMP synthase was mapped to a
single chromosomal locus within 3q13 by in situ hybrid-
ization (Qumsiyeh et al. 1989).
We previously carried out northern blot analyses of a

cell line established from a type I orotic aciduria patient
(Morishita et al. 1986). No alteration in size or quantity
ofUMP synthase mRNA was evident (Suchi et al. 1989).
Southern blot hybridization of genomic DNA from an-
other type I patient also did not detect gross rearrange-
ments in the UMP synthase gene (Suttle et al. 1988).
Moreover, the presence of normal mRNA size and quan-
tity was independently confirmed by northern blot and
S1 nuclease analyses (Winkler and Suttle 1988). Consid-
eration of these and related data argues that UMP syn-
thase, as expressed in type I patients, may contain amino
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acid substitutions impairing steady-state levels (e.g., al-
tered stability, folding, or proteolytic resistance), sub-
strate binding, or catalytic efficiency. Indeed, isolated
patient UMP synthase has demonstrated increased ther-
molability and altered molecular charges (Worthy et al.
1974; Perry and Jones 1989).
To clarify the molecular basis of hereditary orotic

aciduria and to further explore UMP synthase defi-
ciency, we have isolated the human UMP synthase gene.
Also described are two polymorphisms and three dis-
ease-related point mutations occurring in two type I oro-
tic aciduria families. Preliminary investigation of the mu-
tant proteins, by expression in pyrimidine auxotrophic
Escherichia coli and in Sf21 insect cells, illustrates func-
tional deficits suggestive of a causal relationship with
the increased urinary orotic acid deposition observed in
vivo (Fox et al. 1973). Our data convey the first report
of the complete human UMP synthase genomic structure
and of mutations in the coding sequence. Knowledge of
the gene, its promoter sequence, and the disease-related
mutations presented will enable rapid identification of
other genetic lesions and provide for significant ad-
vances toward understanding UMP synthase deficiency
in hereditary orotic aciduria.

Subjects and Methods

Cloning and Characterization of the Human UMP
Synthase Gene
A XEMBL-3 (European Molecular Biology Labora-

tory) human genomic DNA library (Tomatsu et al.
1989) was obtained from the Japanese Cancer Research
Resources Bank. Plasmids, containing the entire coding
region of the human UMP synthase cDNA (Suchi et al.
1989), were used to screen -6 X 106 phage clones.
EcoRI-digested cDNA fragments from pHMS18 and
pHMS28 were labeled with [c-32P]-dCTP (Amersham)
by the random-primer technique (Feinberg and Vo-
gelstein 1983). Phage plaques were transferred to
Magna nylon membranes (Micron Separations) and hy-
bridized with 5 x 105 counts/min (cpm) of probe per
filter according to standard techniques (Sambrook et al.
1989). Restriction digests (EcoRI and HindIII; TaKaRa
Shuzo, Japan) of phage DNA isolated from positive
clones were separated by agarose gel electrophoresis,
transferred to nylon membranes, and hybridized with
selected [32P]-labeled human UMP synthase cDNA seg-
ments, i.e., the EcoRI-HinfI fragment from pHMS18
and the HinfI-BamHI, BamHI-BamHI, BamHI-SacI,
SacI-PvuII, and PvuII-EcoRI fragments from pHMS28.

Exon-containing fragments were subcloned into
pBluescript SK(+) (Stratagene) and labeled "pSK-hUM-
PS2E4," "pSK-hUMPS1E3," "pSK-hUMPS4H5," and
"pSK-hUMPS4H3." One region, determined by PCR
(Saiki et al. 1988), was amplified using primer sequence
information from within pSK-hUMPS2E4 and pSK-

hUMPS1E3, i.e., 5'ACGCTTTCTGGCACTGAAGC3'
and 5'CCATGACCATAAGTCTCTAGA3'. Thermocy-
cling commenced with initial denaturation at 95°C for
5 min, 30 cycles of 95°C for 1 min, 55°C for 2 min, and
72°C for 2 min, followed by a terminal 7-min extension
at 72°C. The amplified genomic segment was cloned
into pCRII vector (Invitrogen) and designated "pCR-
hUMPS18-33."

Intron-exon junction and 5' flanking sequence infor-
mation was obtained by the dideoxy chain-termination
method (Sanger et al. 1977) using synthetic oligonucleo-
tide primers and Sequenase 2.0 (United States Biochemi-
cal). All custom DNAs were purchased from a commer-
cial source (Rikaken). Intron sizes were determined by
restriction mapping and/or by PCR, where 1 ng of plas-
mid DNAs served as templates. Amplification conditions
were 20 cycles of 94°C for 40 s, 50°C for 40 s, and
72°C for 3 min. Oligonucleotides used for intron size
determination by PCR are provided in table Al of the
appendix. 5' flanking sequence information was
searched for relevant transcription factor binding sites
using MacPattern version 3.4 (Fuchs 1994), Transcrip-
tion Factor Database release 7.4 (Ghosh 1992), and the
published transcription factor compilation by Faisst and
Meyer (1992).

Subjects
Patient YF is the first reported Japanese diagnosed with

hereditary orotic aciduria (Morishita et al. 1986). A case
report detailing the clinical course and immunologic inves-
tigation of this family (Family 1) is described elsewhere
(Yazaki et al. 1987). The patient is under a physician-
supervised regimen of oral uridine supplementation (300
mg/kg/d) and is presently doing well. In the course of
a screening program to identify purine and pyrimidine
metabolism disorders among institutionalized mentally
disabled patients, we encountered a second type I family
(Family 2; fig. 1). A 3-year-old boy (YK) and his mother
were identified who excreted high levels of urinary orotic
acid (93.0 and 38.1 gmoJ/g creatinine, respectively; normal
range is 13.7 ± 3.9 gMD/g at age 3 years and 4.9 ± 1.8
vMD/g for adults). No hematologic manifestations were

evident, yet both OPRT and ODC activities in red blood
cells were reduced to levels commonly observed among
heterozygous individuals for hereditary orotic aciduria
(Imaeda et al. 1995). On the basis of these and other
findings, YK and his mother were diagnosed as heterozy-
gotes for the metabolic error.

RNA Extraction, Reverse Transcription, and cDNA
Amplification
Transformed B-cell lines (LCLs) from individuals in

Family 1 were established from peripheral lymphocytes
using B95-8-derived Epstein-Barr virus. LCLs were cul-
tured in RPMI1640 medium and 10% heat-inactivated
FCS (Gibco-BRL); patient YF's LCLs required an addi-
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Family 1 Family 2

ASO probes

w-t 1 09V

mut 1 09G

w-t 96R

mut 96G

w-t 429G

mut 429R

poly 213A

poly 44OGpoly

Figure 1 ASO hybridization analysis of PCR-amplified genomic
DNA from selected members of Families 1 and 2. Amplicons spanning
exons 2, 3, and 6 of the human UMP synthase gene were hybridized
with 32P-labeled oligonucleotides complementary to either wild-type
("w-t"; 96R, 109V, and 429G), mutant ("mut"; 96G, 109G, and
429R), or polymorphic ("poly"; 213A and 44OGpoly) allele sequence.
"n" denotes unaffected and unrelated controls.

tional 10 gM uridine (Wako Pure Chemicals) for
growth. Approximately 5 x 107 cells from each cell line
were harvested, and total RNAs were isolated by the
guanidine isothiocyanate method (Chirgwin et al. 1979).
Ultracentrifugation was subsequently performed in a

TLS-55 rotor (Beckman) at 40,000 rpm for 4 h, each
tube containing 1.5 ml of cell lysate and 0.5 ml of a 5.7
M cesium chloride cushion. As specified by Werner et al.
(1984), poly(A)+ RNA was prepared using messenger-

activated paper (Orgenetics).
First-strand cDNA synthesis was carried out ac-

cording to the manufacturer-recommended protocol
with oligo-(dT)12-18mer or random hexamers and Super-
Script II (Gibco-BRL). One set of oligonucleotide prim-
ers (5'AAACAGGCAGCGCGCGAC3' and 5'GGA-
GGACCACATATCTTC3') was designed to amplify the
entire protein coding region of the human UMP synthase
cDNA by PCR. Thermocycling conditions were 30 cy-

cles of 94°C for 1 min, 550C for 40 s, and 72°C for 1
min 30 s.

Cloning and Sequencing of Amplified cDNA
PCR-amplified products were phenol:chloroform ex-

tracted (1:1), ethanol precipitated, resuspended in 10 RI
TE buffer (10 mM Tris-HCI, pH 7.5, 1 mM EDTA),
and subcloned into pCRII vector. Nucleotide sequence

information from the pCRII-UMP synthase cDNA sub-
clones of patient YF and her parents was determined by

dideoxy chain termination using UMP synthase cDNA-
specific oligonucleotide primers. For each PCR amplifi-
cation, at least six subclones were sequenced across the
entire UMP synthase coding region.

Genomic DNA Preparation, PCR Amplification, and
Dot Blot Hybridization

Peripheral leukocyte genomic DNA was isolated as
described by Baas et al. (1984) from selected members of
Families 1 and 2 (fig. 1) and from 50 unrelated, healthy
Japanese individuals following informed consent agree-
ment. The prevalence of mutations R96G, V109G, and
G429R found in YF's cDNA, as well as of base changes
associated with polymorphisms G213A and 440Gpoly
detected in a cDNA from YF's father, was assessed by
dot-blot hybridization. Four regions within the UMP
synthase gene, containing the putative mutant or poly-
morphic sites, were amplified by PCR. Thermocycling
conditions were 30 cycles of 940C for 40 s, 540C (570C,
520C) for 40 s, and 720C for 40 s. Oligonucleotides used
in these amplifications are provided in table A2 of the
appendix.
PCR products (10 gl) were mixed with an equal volume

of 4x SSC and heat denatured at 950C for 5 min. The
denatured samples were blotted to Hybond-N+ nucleic
acid transfer membrane (Amersham) via a Bio-Dot appa-
ratus (BioRad). Filters were hybridized with allele-specific
oligonucleotides (ASO) labeled with [y-32P]-ATP (>5,000
Ci/ml; Amersham) and T4 polynucleotide kinase. The
ASOs were 5'TGCTlATTAGAAGGAAA3' and 5'TGC-
TTATTGGAAGGAAA3' for 96R and 96G, respectively;
5'GCGTCTTGTAGAAGGAA3' and 5'GCGTCTFFGG-
AGAAGGAA3' for 109V and 109G, respectively; 5'CAT-
AATGGTTCTCCCCT3' and 5'CATAATGCTTCT-
CCCCT3' for 213G and 213A, respectively;
5'ATAATCTTGGCCAACAG3' and 5'ATAATCTTC-
GCCAACAG3' for 429G and 429R, respectively; and
5'GTTATTGGCAAACGAGG3' and 5'GTTATTGGT-
AAACGAGG3' for 440G and 44OGpoly ("44OGpoly"
polymorphism), respectively. Hybridizations, performed
in Sx saline sodium phosphate EDTA, Sx Denhardt's
solution, and 0.5% SDS for 14 h at suitable temperatures,
are summarized in table A3 of the appendix. Following
'hybridization, the blots were washed at room temperature
for 30 min in 6x SSC containing 0.1% SDS and then
twice for 30 min in the appropriate final wash solutions
and temperatures. Probe hybridization was visualized by
autoradiographic exposure of New RX Medical X-ray
film (Fuji).

Construction of UMP Synthase Expression Plasmids
For transformation of pyrimidine auxotrophic E. coli

strains, five UMP synthase cDNA subclones from Family
1 were selected for expression vector construction.
Those selected were TA-Pat7, a clone of the "normal"
paternal cDNA encoding two polymorphisms at nucleo-
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tide positions 638 and 1320 (G213A and 440Gpoly)
relative to the translation (A)+1TG start site; TA-Pat9,
a clone of the paternal disease-related transcript con-
taining the V109G mutation; TA-Mat34, encoding
the cDNA of the maternal disease-related allele
(R96G+G429R); TA-UMPS/G429R, a cDNA clone en-
coding the maternal G429R mutation; and TA-Mat36,
a clone of the normal maternal cDNA. Several PCR
errors were noted during confirmation among the con-
structs. Extra modifying steps were necessary for cas-
sette removal and repair of segments containing muta-
tions. An XhoI site centered at nt 549 of the UMP
synthase cDNA and an XhoI site in the pCRII vector
were utilized for this purpose.
To align the UMP synthase cDNAs in the sense orien-

tation and in frame with respect to the P-galactosidase
transcriptional unit, the resulting modified plasmids,
TA-Pat7-36, TA-Pat9-36, and TA-Mat34-36, together
with TA-Pat7 and TA-Mat36, were digested with EcoRI
and religated into EcoRI-digested pCRII vector. Insert
orientations were confirmed by BamHI restriction anal-
ysis. The final prokaryotic expression constructs were
dubbed: TA-UMPS, TA-UMPS/rev, TA-mock, TA-
UMPS/poly, TA-UMPS/V109G, and TA-UMPS/R96G
for constructs containing normal UMP synthase, UMP
synthase in the reverse orientation, vector with no insert,
and UMP synthase mutations G213A with 44OGpoly,
V109G, and R96G mutations, respectively. A construct
containing both maternal mutations (R96G and G429R;
TA-UMPS/R96G+G429R) was made from TA-UMPS/
R96G and TA-UMPS/G429R utilizing the aforemen-
tioned XhoI sites.

Expression of UMP Synthase in Uridine
Auxotrophic Bacteria

Pyrimidine auxotrophic E. coli, AT722 and SK1105,
were supplied by the National Institute of Genetics, Ge-
netic Stocks Research Center, Japan. AT722 is a pyrE
strain without detectable OPRT activity, and SK 105 is
a pyrF strain lacking ODC activity; both strains require
media supplementation of 100 ig/ml uridine for growth.
Bacterial expression constructs TA-UMPS, TA-UMPS/
rev, TA-mock, TA-UMPS/poly, TA-UMPS/V109G,
TA-UMPS/R96G, TA-UMPS/R96G+G429R, and TA-
UMPS/G429R were transformed into competent AT722
and SK1105 cells, prepared by the CaCl2 method (Sam-
brook et al. 1989). Ampicillin-resistant colonies were
selected and examined for proper-size inserts by restric-
tion analysis. Selected colonies were assayed for OPRT
or ODC expression by enzymatic activity and by growth
without added uridine on M9 solid medium supple-
mented with 0.2% casamino acids, 40 Rg/ml of L-trypto-
phan, 0.4% glucose, and 300,g/ml thiamine hydrochlo-
ride.

For activity studies, the transformed pyrimidine
auxotrophs were grown in Luria-Bertani (LB) liquid

culture under ampicillin selection (50,g/ml) and har-
vested in late log-phase by centrifugation. Pellets were
resuspended in extraction buffer (Lin and Suttle
1993), and cellular disruption was achieved by 10 son-
ications of 2-s duration with an AstrasonTM Ultrasonic
Processor model W-385 (Heat Systems-Ultrasonics).
Lysate debridement immediately followed via micro-
centrifugation at 12,000 rpm for 15 min. OPRT- and
ODC-specific activities (nmol/h/mg) were determined
by 14CO2 release from either [carboxyl-14C]-orotic
acid or [carboxyl- 14C] -orotidine-5 '-monophosphate
(New England Nuclear), respectively. For accurate
quantitation of OPRT assays, excess yeast ODC (0.05
units; Sigma) in 0.1 M EDTA was added following
initial incubation to scavenge residual OMP to UMP
(Worthy et al. 1974). Protein concentrations of super-
natant fractions were determined with a BCA protein
assay kit (Pierce) and supplied BSA standard. Calcu-
lated values describe information in nanomoles of
UMP formed at 37°C/h/mg lysate protein. Statistical
methods applied for data analyses included F-test vari-
ance analyses and two-sample t-test comparisons for
equal and unequal variance (per F-test). Satter-
thwaite's freedom approximations were employed in
cases of the latter (Armitage and Berry 1994).

Expression of UMP Synthase in the Baculovirus-Sf2 1
System
Spodoptera frugiperda Sf21 cells, pVL1392 transfer

vector, and linearized baculovirus DNA were purchased
from Pharmingen. Plasmids TA-UMPS, TA-UMPS/rev,
TA-UMPS/poly, TA-UMPS/V109G, TA-UMPS/R96G,
TA-UMPS/R96G+G429R, and TA-UMPS/G429R were
EcoRI digested, and purified inserts were cloned into the
EcoRI site of pVL1392. Orientation distinctions were
achieved by BamHI restriction analysis. pVL1392UMPS
transfer constructs, encoding sense and antisense normal
UMP synthase, as well as mutations V109G, R96G,
G213A with 44OGpoly, G429R, and R96G with
G429R, were sequence confirmed and designated
pVL1392UMPS, pVL1392UMPSrev, pVL1392UMPS/
V109G, pVL1392UMPS/R96G, pVL1392UMPS/poly,
pVL1392UMPS/G429R, and pVL1392UMPS/R96G
+G429R, respectively.
Plasmids were cotransfected with modified, lethal de-

letion-containing baculovirus into Sf21 cells using a
BaculoGold transfection kit (Pharmingen). Recombi-
nant virus amplification and infection were conducted
per the manufacturer's instructions. The infected Sf21
cells were maintained at 27°C in TNM-FH media sup-
plemented with 10% FCS as described by Summers and
Smith (1987).
Four days postinfection, 7 x 106 Sf21 cells/infec-

tion were harvested, washed in Delbecco's PBS (10 mM
NaPO4, 0.9% NaCl, pH 7.5), and precipitated by cen-
trifugation. Cellular pellets were resuspended in 0.5 ml
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Table 1

Intron-Exon Boundaries of the Human UMP Synthase Gene

Exon Intron
No. (bp) (kb) Donor Acceptor

1 174 (200)a 4.3 AGTCAGgtgctggcct tttcttacagGTTGCA
2 154 2.2 ATTATGgtaaaataaa tcttttctagGAACTA
3 672 1.7 ATGAAGgtaagtgtat ttcttcttagGAGGTA
4 176 2.0 GCAGCGgtaagtggtg ttccatttagGTTAGA
5 115 1.5 CAGGAGgtaaatctgg tttcttgcagGAGATA
6 378 ...

aExon 1 size(s) based on the reported transcription initiation at positions -18 and -44 nt (Webster et
al. 1995). cDNA nucleotide positions corresponding to exon-intron juctions may be calculated by summation
of exonic lengths minus the reported 5' untranslated sequence (-18 or -44 nt).

of PBS and membrane disrupted with five serial freeze-
thaw cycles. Immediately prior to supernatant-fraction
enzyme assays, chilled lysates were cleared by centrifu-
gation at 12,000 rpm for 15 min.

Results

Structural Organization and 5' Flanking Region of the
Human UMP Synthase Gene

Screening of a XEMBL-3 human genomic library using
the human UMP synthase cDNA yielded six positive
clones. Restriction analysis of three clones, which overlap
one another and form the longest continuous sequence,
describe a single copy gene encompassing six exons with
lengths ranging from 115 to 672 bp. Intron 1 is the most
extensive, comprising 4.3 kb. Nucleotide sequence data
of intron/exon boundaries (table 1) show that all introns
begin with 5'GT dinucleotides and conclude with 3'AG
termini. The human UMP synthase gene spans -15 kb
and is graphically illustrated in figure 2.
Comparisons of the human UMP synthase genomic

and cDNA sequences revealed two altered bases (G638-
to-C and C1320-to-T; first coding ATG assigned +1)
located in exons 3 and 6, respectively (data not shown).

1

EcR I
Hindill

.-'pSK*hUMPS2E4-

OCR-hUMPSIS-33.

I1I II

The point mutations were first identified in one of the
paternal Family 1 alleles and subsequently in alleles
common to both Family 2 parents. It is notable that
neither parent transmitted a polymorphic allele
(G213A+44OGpoly) to YK. The transversion within
exon 3 encodes a conservative Gly (GGT)-to-Ala
(GCT) substitution at codon 213 (G213A), while the
latter transition is a silent polymorphism at codon 440
(44OGpoly). Dot blot hybridizations of 100 alleles from
50 unrelated normal Japanese identifies approximate
relative frequencies of .26 and .27 for the G213A and
the 44OGpoly mutations, respectively (fig. 1 and data
not shown). OPRT and ODC activities of expressed pro-
tein containing these polymorphisms are described be-
low.
The 5' flanking sequence of human UMP synthase

gene is shown to be -1150 bp upstream of the en-
coded translation start site (fig. 3, closed circle). No
consensus TATA or CAAT boxes are found in the
vicinity of the transcription initiation sites (-18 and
-44) described by Webster et al. (1995). However,
the sequence immediately 5' and adjacent to this loca-
tion is highly GC rich (70.1%, nt -167:-i) and con-
tains an Spl-binding site (Briggs et al. 1986) in addi-

.4 .5 .B
-1D

-p -hUMPIE!--- - I
~au~aa~a~~~. ~ ~ . .pts'-numrpno pSK-nUMPrS4I¶

1 kb

Figure 2 Structure of the human UMP synthase gene. White, black, and striped boxes identify untranslated, OPRT-coding, and ODC-
coding regions, respectively. As utilized in genomic clone characterization, EcoRI and HindIII restriction endonuclease cleavage sites are depicted.
Plasmid subclones with designations and relative positions are shown.
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-1150
GREAATAATAG~rA~ATGATACATCACCTCGGATG ACAGCT~CTCTATCTAGCTGTAATTTGTGTCCTTTAACCAC

-1050 CCCCTACCCTTCCCAGCCTCTAGTAATTACTATTTTATTCTCTAGCTC GAGAACATTGATAT

GATAI GRE
-950 ATCTTCCTGTTC CTGGCC C TC CACC ATAA TCATCTTAGGGT

HNF5 HNF5
-850 TATTTCCTTAAGCTAGAATAAAGTATTGC TATTTAT

-750 TTGTAAAGACA GCTCCTGGATAACCCTGATACCAATCAATTAACCGTCTTCTAACTCTCCTC

-650

-550

CTCF PEA3 PEA3 Ets-
CTTCCCTCCCTTACCTTXTTACACCTATTACCTAAGCATTTGAGGTACGCCAAASAMTAAAGACTCCCGAGCIAGCTAAGACAAAAG

AAGTGCTATATATTCCTA 1 1lAGGATTAGTCAAGTAG;GTATAAAT

API GATAI
-450 GAGTAAAGGTCC CTGTACTIATATTCTA¶GG

-w

-250

-150

-50

PAAACATGGGGGGTAAATC CT _ _CAAGG

AAAAATGG&CAGGATTTATGCAAACTCTCATGAAAGGTGGG&CTI'CATGATCCTA

LFAI AP2 CRE LFAI
CAGTCAATCTAGCTTCTGCTAACCCCGGACCCCATCCAGAAGAAACCAGGGACCA T GCTAAGTTCGCTACCATCCACCTGA

Zsst AP2 COESP WPI CREATF- -_

CCTTGAGCCCGGA CCV d CGGGGAAGCTGCGSCGGGCGGCGGA CGGGACTTCGCGGGCGSCGTCTCGGGGCGC

CGGAGGCCCGGGGCGCCTGATTAGCACGCGGCGCGACATGGCGGTCGCTCGTGCAGC mGGGCCATTGGTGACGGGTCTGTACGA

+51 CGTGCAGGC CAAGTGGGGACTTCGTGCTGAAGAGCGGGCTTTCCTCCCCCATCTACATCGATCTGCCATCGTGTCTCGACCGCGTCTTCTG

+151 AGTCAG/gtgctggccta... (Intron 1)

Figure 3 Nucleotide sequence of the human UMP synthase S' flanking region. The closed circle represents the ATG (assigned +1)
translation start site. Underlined cis-elements delineate cognate binding motifs for the transcription factors indicated. Filled arrowheads, located
at -18 and -44 nt, signify the reported transcription initiation sites (Webster et al. 1995).

tion to numerous regulatory sites known to be cAMP
responsive, i.e., AP-1 (Bernstein and Colburn 1989),
AP-2 (Mitchell et al. 1987), and CRE/ATF (Johnson
and Krasnow 1992). Sequences homologous to
GATA1 (Evans and Felsenfeld 1989) and glucocorti-
coid-responsive elements (GREs) (Jantzen et al. 1987)
are found between positions -1064 to -911 and
-431 to -232. Liver-specific transcription factors
HNF5 (Grange et al. 1991), LF-A1 (Hardon et al.
1988), and C/EBP (Landschulz et al. 1988) are noted
in the region spanning nt -794 to -747 and -225 to

-147, respectively. Although not an exhaustive list,
additional cis-elements corresponding to CTCF (Lo-
banenkov et al. 1990), PEA3 (Martin et al. 1988), Ets-
1 (Prognonec et al. 1989), and Zeste (Biggin and Tjian
1988) are also present within the promoter region.

Molecular Characterization of UMP Synthase
Mutations in Two Hereditary Orotic Aciduria Families
We demonstrated previously by northern hybridiza-

tion that UMP synthase mRNA from LCLs of hereditary
orotic aciduria patient YF was identical in size and in
quantity to that obtained from normal cells (Suchi et
al. 1989). In the present study, to investigate possible
molecular defects, reverse-transcription PCR was ap-

plied to leukocyte RNA isolated from members of Fam-
ily 1. Amplified cDNAs encompassing theUMP synthase
coding region were cloned into a commercial "T-vector"

(pCR II) and sequenced. To rule out polymerase errors,
two to four clones per allele were sequenced simultane-
ously. Lanes for a given dideoxynucleotide were
grouped and run in adjacent lanes to facilitate mutation
identification. Autoradiograms of sequencing gels dem-
onstrating these findings are shown in figure 4.
Three altered bases were identified in cDNA subclones

of patient YF. One allele presented with an A-to-G tran-
sition in nt 286 and a G-to-C transversion at nt 1285.
The mutations encode Arg-to-Gly (R96G) and Gly-to-
Arg (G429R) substitutions in codons 96 and 429, re-
spectively. YF's second allele contained a nt 326 T-to-G
mutation, producing a Gly-for-Val substitution of codon
109 (V109G). Four of six clones derived from YF's
mother contained sequence with the identical R96G and
G429R mutations; the remaining two clones encoded
normal alleles. Coincidentally, four of six paternal
clones carried the V109G base change, and sequence
information from the fifth and sixth clones yielded the
G213A and 44OGpoly polymorphisms noted in the ge-
nomic clones (described above). Dot blot hybridization
with ASOs for each of the three disease-related muta-
tions (R96G, V109G, and G429R) failed to reveal a
second occurrence among 50 normal Japanese (fig. 1
and data not shown). However, on dot blot investigation
of genomic DNA from members of Family 2, we found
that both the mother and YK shared R96G+G429R
alleles.
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Figure 4 A, Sequence data illustrating R96G and V109G muta-
tions in hereditary orotic aciduria patient YF. By use of an oligonucleo-
tide primer spanning nt +52 to +71, the sense strand sequence infor-
mation from nine clones is shown. B, Sequence analysis demonstrating
the G429R mutation of YF. A sense oligonucleotide, extending from nt
+ 1196 to + 1215, was employed to generate the sequence information
depicted.

Unsuccessful Rescue and Activity of Pyr
Auxotrophic Transformants
Complementation of the pyr phenotypes of E. coli

AT722 and SK1105, indicated by growth on minimal
solid media without uridine supplement, was ob-
served following transformation with the normal
UMP synthase construct TA-UMPS (fig. SA, SB). In
addition to normal protein expression, the potential
of constructs containing altered sequence to rescue
the pyrimidine auxotrophs was assessed. Disease al-
lele clones TA-UMPS/V109G, TA-UMPS/R96G, and
TA-UMPS/R96G+G429R did not yield AT722
growth without added uridine. Interestingly, con-
struct TA-UMPS/G429R containing the G429R mu-
tation, without the corresponding and syntenic R96G
mutation identified in four individuals of this study,
was able to rescue AT722 on minimal solid media.
In pyrF complementation studies (SK1105; fig. 5), all
except the parental strain and the TA-mock (pCRII

vector)-transformed cells grew without exogenous
uridine.
OPRT activity was measured in extracts of AT722

(OPRT-) cells transformed by plasmids containing bi-
functional UMP synthase with or without relevant
mutations (table 2). Cells transformed with mutant con-
structs TA-UMPSNV109G, TA-UMPS/R96G, and TA-
UMPS/R96G+G429R demonstrated significantly re-
duced OPRT activity (P < .001). Indeed, one TA-UMPS/
V109G and two TA-UMPS/R96G transformants did not
exceed background AT722 activity levels. On the other
hand, cells transformed by TA-UMPS/poly and TA-
UMPS/G429R achieved OPRT activities above that of
reference transformants (TA-UMPS).

Table 3 illustrates ODC expression data as deter-
mined in transformed SK1105 (ODC-) cells. The ODC
activity derived from the normal TA-UMPS construct
reached levels intermediate to those measured in non-
pyrF E. coli (AT722). Similar, or, in some clones,
significantly higher than for TA-UMPS, ODC activity
was observed with all constructs except TA-UMPS/
R96G+G429R. Five of five independent clones trans-
formed with this plasmid demonstrated reduced ODC
activity compared to cells transformed with TA-UMPS
(range: P < .001 to P < .05).

Expression of UMP Synthase in Sf21 Insect Cells
Full-length UMP synthase cDNA and cDNAs con-

taining the described mutations or polymorphisms were
expressed in Sf21 cells using a baculovirus expression
system. The OPRT and ODC activities from insect cells
infected with pVL1392UMPS recombinant virus or
those containing relevant base changes are summarized
in table 4. Only the reverse and V109G (Family 1) viral
constructs exhibited the combined losses in OPRT and
ODC activity (-1% and -20% of normal; range: P
< .001 to P < .05) witnessed in vivo. Other disease-
related mutations maintained ODC activity statisti-
cally indistinguishable from the normal reference,
pVL1392UMPS. In this system and consistent with bac-
terial expression data, activity deficits associated with
these mutations commonly affected the more labile
OPRT catalytic function (Lin and Suttle 1995). Con-
structs encoding the G213A substitution (TA-UMPS/
poly), however, appeared to confer a significant OPRT
activity increase (-150% normal; P < .001) without
the concomitant ODC activity elevation noted in the
prokaryotic studies.

Discussion

This communication describes the characterization of
the human UMP synthase genomic structure. The gene
spans - 15 kb and consists of six exons (fig. 2). All
positive phage clones, obtained by screening a XEMBL-3
human genomic library, were aligned within a common

A
G | A I T I c

123456789 234567 i 23456789D 23451678q
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5'-ATTAGMAGG3'
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531



Am. J. Hum. Genet. 60:525-539, 1997

A B

Growth in urildine (-) media
AT722 SK1 105
(Wm (pyrF)

-U-- AT722

.4I-1 I~-

n_ SKI 105

TA-UMPS/R96O

TA-UMPS/G429R

TA-UMPS/R9BG+G429R

Figure 5 A, Schematic illustration of prokaryotic expression vector constructs and summary of transformant growth on minimal media.
A filled square identifies mutation V109G; filled and open circles represent mutations R96G and G429R, respectively; and, filled and open

triangles connote polymorphisms G213A and 44OGpoly, respectively. n.d. = not determined. B, Complementation of pyrE AT722 (OPRT-;
upper panel) and pyrF SKl105 (ODC-; lower panel) with normal and mutated human UMP synthase prokaryotic expression constructs. Two
AT722 and one SK1105 representative and confirmed transformants were cultured overnight in LB-ampicillin (50 mg/ml) prior to streaking
on the minimal plates. Following 370C incubation for 16-24 h, colony growth demonstrates complementation of the parental strain pyr

auxotrophism.

restriction map, indicating that human UMP synthase
exists as a single-copy gene. There were no aberrant
splice-donor or -acceptor sequences; all splicing termini
conform with the canonical GT/AG rule (Mount 1982).

Comparisons of human, fly, and slime-mold UMP
synthase amino acid sequences disclose a high level of
conservation, with >30% amino acid identity across all
three proteins. However, a central region extending
from amino acids 192-237 shares little homology (Sut-
tle et al. 1988). This segment, dubbed the "interdomain
bridge," spans residues linking the conserved OPRT and
ODC domains. In the rudimentary-like gene of Dro-
sophila melanogaster, encoding the UMP synthase fly
homologue, a 657-bp intron divides the sequence be-
tween the conserved regions and has been provocatively
suggested to represent an "evolutionary joint" wherein
ancestral OPRT and ODC domains are fused (Eisenberg
et al. 1993). Our findings are inconsistent with this as-

sertion, since no such interruption of the human UMP
synthase gene was found. Exon three in the human se-

quence encodes a segment of the OPRT domain, the
interdomain bridge, and a significant portion of the
ODC domain. Indeed, the third exon is 672 bp in length
and encompasses nearly half of the entire coding se-

quence. Although beyond the scope of this study, it is of
evolutionary interest how two polypeptides, catalyzing

consecutive reactions in pyrimidine biosynthesis, came

to be joined and encoded by a single gene.

Our molecular investigation of UMP synthase defi-
ciency uncovered five point mutations, two with com-

mon allelic frequencies among Japanese. The two
polymorphic base changes, introducing a G-to-C trans-
version at nt 638 (v = .26) and a C-to-T transition at
nt 1320 (v = .27), were fortuitous findings detected
in non-disease-related alleles. Evidence supporting the
nondeleterious nature of these mutations was initially
suggested by allelic-inheritance phase determination in
Families 1 and 2. Subsequent expression studies in auxo-
trophic E. coli and in Sf21 insect cells support this con-

tention (tables 2-4), since measurable activity reduc-
tions were not statistically evident in comparisons with
reference constructs of either system. On the contrary,
our data, though insufficient for a rigorous assessment,
provide intriguing evidence that the G213A polymor-
phism may encode a variant with enhanced OPRT activ-
ity. As the first polymorphisms of the UMP synthase
gene, the base changes reported herein should prove
useful in family studies or in linkage analyses of neigh-
boring genetic loci (3q13).
Three mutations of the UMP synthase coding region

were identified in association with hereditary orotic aci-
duria. Discovery of a paternal allele containing a V109G

Construct
Designatlon Illustration

no plasmid

TA-UMPS/rev

TA-Mock(pCRII only)

REV

TA-UMPS

MOCK

TA-UMPSfpOIy

n.d.

TA-UMPSIV109G

+ +

REV

-US-

+ +

_ +

_ +

MOCK
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Table 2

OPRT Activity of Transformed Pyrimidine Auxotrophic E. coli

SPECIFIC AcmvITYa
BACTERIAL STRAIN
AND CONSTRUCT nmol/h/mg SD SIGNIFICANCEb

AT722 (pyrE):
None .032 .039 P < .001

.00, .025 P < .001
TA-UMPS/rev .006 .016 P < .001

.014 .015 P < .001
TA-UMPS 3.454 .04, ..c

1.400 .066 c

TA-UMPS/poly 10.9 1.7 .01 < P < .02
18.0 1.7 .001 < P <.01

TA-UMPS/V109G .0418 .0087 P < .001
.018 .011 P < .001

TA-UMPS/R96G .00398 .00089 P < .001
.039 .097 P < .001

TA-UMPS/G429R 3.82 .41 ns
4.86 .20 P < .001

TA-UMPS/R96G+G429R .069 .034 P < .001
.090 .032 P < .001

SK1105 (pyrF):
None 41.0 17.1 c

48.7 7., c

a Activity data indicate mean OPRT and (1) SD values of triplicate samples. Subscripted digits convey
numerically insignificant detail.

b t-Test comparisons performed with respect to TA-UMPS-transformed AT722 cells. ns = nonsignificant
statistical comparisons.

c Comparison is not relevant.

mutation and a maternal allele containing both R96G
and G429R mutations revealed the compound heterozy-
gous status of orotic aciduria patient YF (Family 1).
When expressed in transformed pyrE E. coli, the V109G
UMP synthase expression construct (TA-UMPS/V109G)
failed to produce distinguishable OPRT activity (table 2)
or to enable E. coli growth on minimal medium without
uridine supplementation. However, we did not observe
the expected combined loss ofODC activity with expres-
sion of the V109G-containing construct in the pyrF
strain (table 3). Val 109 falls within residues 96-155,
where monofunctional E. coli OPRT and human UMP
synthase proteins show 43% identity. Given the discrete
OPRT attenuation in the prokaryotic expression data
and that, at equivalent positions to the human codon
109, Drosophila UMP synthase and E. coli OPRT also
encode Val residues, a necessary and conserved role for
Val 109 in OPRT function may be plausible.
UMP synthase cDNA expression constructs of the ma-

ternal disease-related allele (R96G+G429R) similarly
did not produce OPRT activity following transforma-
tion into pyrE AT722 (table 2). To examine this func-
tional deficit in more detail, constructs encoding individ-
ual mutations were assembled. OPRT activity of R96G-
substituted UMP synthase paralleled the losses observed

for the doubly substituted construct; however, no such
reductions were associated with the G429R protein.
ODC activity was not found lower for either monosub-
stituted protein but was moderately depressed among
all five R96G+G429R constructs (table 3). These find-
ings are consistent with the notion that the R96G muta-
tion is responsible for OPRT deficits and, possibly, for
pathogenicity associated with the R96G+G429R allele.
Furthermore, it is likely that the R96G mutation does
not appreciably alter protein stability or turnover, as
evidenced by ODC activity comparable to reference con-
struct levels (TA-UMPS), but rather some aspect affect-
ing OPRT catalysis. Alternately, because we cannot con-
trol for plasmid copy number and since bifunctional
UMP synthase expressed in bacteria is cleaved into two
labile yet functional subunits (Lin and Suttle 1993),
these observations may be artifactual and provide unre-
liable inference to events occurring within eukaryotic
cells. The prokaryotic pyrE (OPRT-) growth data corre-
lation, however, affords some reassurance in that all
disease-related bacterial expression constructs, with the
notable exception of TA-UMPS/G429R (without
R96G), failed to complement the AT722 pyrimidine
auxotrophism and allow growth on minimal solid media
(fig. 5).
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Table 3

ODC Activity of Transformed Pyrimidine Auxotrophic E. coli

SPECIFIC ACrMVrrya
BACTERIAL STRAIN AND
CONSTRUCT nmollhlmg SD SIGNIFICANCEb

SK1105 (pyrF):
None .001 .014 P < .001

-.0164 .0040 .001 < P < .01
.029 .034 .001 < P < .01

TA-UMPS/mock .018 .019 P < .001
-.002 .010 .001 < P < .01
.02, .020 .001 < P < .01

TA-UMPS 52.0 2.7 c
54.3 6.4 c
53-2 5.9 c

TA-UMPS/poly 67.6 2.4 .001 < P < .01
69.6 2.3 .01 < P < .02
53.0 3.7 ns

TA-UMPSN109G 48-0 21.0 ns
69.6 7.1 .02 < P < .05
41.0 33.0 ns

TA-UMPS/R96G 58.2 1.0 .02 < P < .05
69.7o .92 ns
59-2 4.4 ns

TA-UMPS/G429R 34-0 21.o ns
35.0 2o-o ns

48-0 11.0 ns
TA-UMPS/R96G+G429R 27.8 1-8 P < .001

35.9 2.2 .001 < P < .01
41.3 2.2 .02 < P < .05
30.3 1-6 P < .001
33.o 3-8 .01 < P < .02

AT722 (pyrE):
None 45.8 3.7 C

62.8 95 C

a ODC activity data relate mean and (1) SD quantities for triplicate samples. Subscripted digits convey
numerically insignificant detail.

b t-Test comparisons performed with respect to TA-UMPS-transformed SK 105 cells. ns = nonsignificant
statistical comparisons.

c Comparison is not relevant.

To assess the data gathered from the prokaryotic sys-
tem, we pursued eukaryotic expression studies utilizing
a recombinant baculovirus-Sf2l system. The V109G-
containing UMP synthase expressed in Sf21 cells demon-
strated significantly lower OPRT and ODC activity, in
agreement with patient observations. Recalling the bac-
terial V109G data, wherein ODC levels were essentially
normal, the depressed ODC activity of the baculovirus-
expressed V109G protein is discordant ('20% of con-
trol). Also in marked contrast with bacterial expression,
the R96G- and R96G+G429R-substituted proteins pro-
duced marked OPRT elevations coupled with attendant
reductions in ODC activity. Taken together, these re-
sults are intriguing and possibly highlight biochemical
differences specific to these systems or to expression mo-
dality. UMP synthase has been demonstrated to exist in
three distinct conformational states: a monomeric 3.6s

protein, a 5.1s dimer, and a 5.6s "altered-dimer" (Traut
and Jones 1979). The more condensed 5.6s conforma-
tion, which forms on OMP binding, is predominantly
responsible for ODC activity (Traut and Payne 1980).
Considering that Sf21 cells produce endogenous UMP
synthase, which may interfere with dimerization or sub-
strate-dependent "altered-dimer" transition, thereby
preferentially lowering measured ODC:OPRT ratios, in-
terpretation of these data must be guarded for allotropic
artifacts. A comprehensive mutational analysis of the
disease-related and polymorphic substitutions reported
herein will be necessary to assign a particular signifi-
cance for each of these residues.
Two additional occurrences of R96G and G429R mu-

tations were noted in members of Family 2 (fig. 1). YK,
having been ascertained during a screening program
among mentally disabled individuals, was initially iden-
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Table 4

OPRT and ODC Activities of Sf21 Cells Infected with Recombinant Baculovirus-UMP Synthase Constructs

SPECIFIC AcrrnmYa
(nmol/h/mg) SIGNIFICANCEb

CONSTRUCTS OPRT SD ODC SD OPRT ODC

pVL1392UMPS/rev 18.7 2.7 57-2 6.8 P < .001 .01 < P < .02
pVL1392UMPS 1,615-0 40.0 5,400-0 1,300.0 .

c

pVL1392UMPS/poly 2,430.0 100o 558jo-o 650.0 P < .001 ns
pVL1392UMPSN109G 100.0 11.0 1,094.0 27.0 P < .001 .02 < P < .05
pVL1392UMPS/R96G 2,010.0 160-0 6,180.0 860-0 .01 < P < .02 ns
pVL1392UMPS/G429R 1,400.o 78-0 2,970.0 69.o .01 < P < .02 ns
pVL1393UMPS/R96G+G429R 2,427.0 9oo 3,280.0 460.0 P < .001 ns

a Activity data specify mean OPRT and ODC measurements with indicated (1) SD for triplicate samples. Subscripted digits convey numerically
insignificant detail.

b t-Test comparisons performed with respect to TA-UMPS-transformed AT722 cells. ns = nonsignificant statistical comparisons.
c Comparison is not relevant.

tified by elevated urinary orotic acid. Subsequent enzyme
assay revealed the heterozygote status of YK and his
mother (Imaeda et al. 1995). Our molecular character-
ization demonstrated that both individuals are positive
for the R96G+G429R allele by ASO hybridization.
Consistent with the low OPRT and ODC activities of
hereditary orotic aciduria compound heterozygote YF
(2.7% and 0.4%, respectively; Morishita et al. 1986),
the presence of the disease-related mutations appears
responsible for the reduced activity of Family 2 members
possessing the R96G+G429R allele. Although extensive
pedigree inquiry did not disclose relatedness between
these families, we cannot exclude the possibility. Addi-
tional data confirming the presence of this allele among
Family 2 individuals was obtained by dideoxy nucleo-
tide sequencing (R96G) and by EagI digestion of PCR-
amplified exonic DNA (G429R, data not shown).
UMP synthase activity is detectable in variety of tis-

sues including liver, spleen, gut, brain (Pausch et al.
1972; Reyes and Intress 1978), skeletal muscle, erythro-
cytes (Brown and O'Sullivan 1977; Jones et al. 1986),
and leukocytes (Sugiura et al. 1986). Evidence suggests
that elevated de novo pyrimidine biosynthesis may be
necessary for cells undergoing rapid proliferation, such
as regenerating liver and hematopoietic cells, or during
certain developmental stages including organogenesis
and neural maturation (Faure et al. 1988). To investigate
the regulation ofUMP synthase expression, the 5' flank-
ing sequence was sequenced to - 1165 bp from the trans-
lation start site (fig. 3). The proximal promoter region
was found to be highly GC rich but contained no TATA
or CAAT boxes. This feature is common among
housekeeping genes (Dynan 1986; Broderick et al. 1987)
and presumably reflects the basal necessity for ribosy-
lated pyrimidines in nearly all living cells. One estimate,
for example, put de novo pyrimidine biosynthetic activ-

ity of normal bone marrow as supplying 30% of the
cellular pyrimidine requirement (Sugiura et al. 1986).
As shown in figure 3, two GATA1 sites were found in

the promoter region between nt -431 and -340, with a
third present at position -940. GATA1 is a zinc-finger
trans-activator thought to have a pivotal role in erythroid-
specific gene expression and myelogenesis (Tsai et al.
1989). Consistent with possible regulatory significance,
high levels of UMP synthase are found in hematopoietic
cells. Clues implicating GATA1, PEA3, and Zeste cis-ele-
ments in some development aspects may be meaningful
as well (Martin et al. 1988; Winick et al. 1993; Judd
1995), since pyrimidine demands could intensify under
particular developmental circumstances (Webster et al.
1995). Other hematopoietic regulatory sequence motifs,
including sites for CTCF and Ets-1, are noted between
-646 and -567. CTCF has been shown to bind its cog-
nate motif in differentiated and undifferentiated red blood
cells (Lobanenkov et al. 1990), and Ets-1 demonstrates
differential promoter associations with T-cell activation
(Bhat et al. 1990). Although potentially important for
some aspect of lymphocyte activation, proliferation, or
function, the significance of conserved y-interferon-re-
sponsive elements (five in all, data not shown; Yang et al.
1990) remains to be elucidated.

Several liver-specific or liver-enriched transcription
factor-binding sites are also apparent in the UMP syn-
thase promoter sequence, including two HNF5 sites at
-795 to -747 nt (Grange et al. 1991), two LFA1 sites
at -221 and -143 nt (Ramji et al. 1991), and a C/EBP
site at -120 nt (Trus et al. 1990). Three GREs (Karin
et al. 1984), possibly involved in the alteration of disease
manifestation on cortisone or prednisone therapy, are
noted in the promoter region. However, since variation
in OPRT or ODC activities following corticosteroid
treatment have not been reported, the observed red cell
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count improvements may stem from nonspecific effects.
In addition, binding sites for the more ubiquitous cAMP-
responsive transcription factors AP1 (Hope 1994), AP2
(Mitchell 1991), ATF (Hai et al. 1989), and CRE (Fink
et al. 1988) reside in the proximal 5' sequence. Combi-
natorial regulation of these and other cis-elements may
conceivably modulate sophisticated and dynamic UMP
synthase expression (Chen et al. 1994).
The molecular basis of hereditary orotic aciduria has

enlisted the attention of researchers from many disci-
plines, including purine and pyrimidine metabolism, on-
cology, protein chemistry, and evolutionary biology.
The spectrum of attraction is multifaceted. UMP syn-
thase deficiency is the only clear example of a human
auxotrophism implicated in numerous phenomena cru-
cial for understanding cellular behavior (Pinsky and
Krooth 1967), i.e., genomic stability (Qumsiyeh 1995),
neoplastic potential (Weber et al. 1981; Denton et al.
1982), and developmental regulation (Reyes and Intress
1978; Rawls 1979) as well as biochemical and structure-
function considerations (Ozturk et al. 1995; Yablonski
et al. 1996). An enlightened understanding will emerge
through advances from each of these fields. The genomic
structure and the mutation analysis presented will facili-
tate continued investigation of UMP synthase in heredi-
tary orotic aciduria.
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Appendix

Table Al

Oligonucleotides Used in PCR of Human UMP Synthase Introns

Intron Primer Sequence

1 a
2 S'ACCAATCAAATITCCAATGCT3'

S'ATGATTAAACAGGTFITCTCC3'
3 5'TGAAGACCGGAAGTITGCAG3'

S'CCCAGGAAGCTAT1TITAAAG3'
4 5'TGGGCAGATCTAGTAAATGC3'

5'GTFTCATGCTTACTCGGGAG3'
5 S'G1TTTATITTCTGGCTCCCGA3'

5'GCACTCAAACACCAAGTC3'

a Intron 1 determined by restriction mapping and dideoxy nucleo-
tide sequencing.

Table A2

Oligonucleotides to PCR-Amplified UMP Synthase Point Mutations

Mutation Primer Sequence

R96G 5'ACCAATCAAATTCCAATGCT3'
5'GGAAGGTGACTTATAGTAAC3'

V109G 5'TAAGCAGTGT1TATAATGTG3'
5'ATGATTAAACAGGTICTfCC3T '

G213A 5'GGAGGCAAGGACAAGTTGCA3'
5'AGAGAAAGCAAGTCATGAAG3'

G429R and 440Gpoly 5'GGCACG ITITI AGTITITAAAG3'
5'GGAGGACCACATATCTTC3'

Table A3

Allele-Specific Oligonucleotide Dot Blot Hybridization Conditions

Final
Hybridization Washing
Temperature Final Washing Temperature

Probe (OC) Solution (0G)

96R 40 6x SSC, 0.1% SDS 43
96G 40 6x SSC, 0.1% SDS 43
109V 41 2x SSC, 0.1% SDS 53
109G 41 1x SSC, 0.1% SDS 57
213G 44 6x SSC, 0.1% SDS 46
213A 44 6x SSC, 0.1% SDS 46
429G 42 6x SSC, 0.1% SDS 44
429R 42 6x SSC, 0.1% SDS 44
440G 42 2x SSC, 0.1% SDS 50
44OGpolya 42 2x SSC, 0.1% SDS 50

a Probe 44OGpoly represents the allele-specific oligonucleotide for
the paternal C-to-G polymorphism noted at position +1320 nt.
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