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ABSTRACT The last two steps in the de novo biosynthesis
of UMP are catalyzed by orotate phosphoribosyltransferase
(OPRT; orotidine-5'-phosphate:pyrophosphate phosphori-
bosyltransferase; EC 2.4.2.10) and orotidine-5'-monophos-
phate decarboxylase (orotidine-5'-phosphate carboxy-lyase;
EC 4.1.1.23). In mammals these two activities are found in a
single, bifunctional protein called UMP synthase. A human
T-lymphoblastic cell cDNA library constructed in AgtlO was
screened with a UMP synthase-specific rat cDNA probe.
Human UMP synthase cDNAs were isolated and then used to
select UMP synthase gene fragments. The complete coding
sequence of the mRNA for UMP synthase was determined by
analysis of overlapping cDNA and genomic fragments. One of
the cDNAs appears to have been synthesized from an incom-
pletely or alternatively processed form of the UMP synthase
nmRNA. This cINA lacks a poly(A) tail and has an extended
3'-nontranslated region that hybridizes, with larger forms of
the UMP synthase niRNA. The UMP synthase protein is
composed of 480 amino acids with a molecular weight of
52,199. The two activities of UMP synthase reside in distinct
domains encoded by the 3' and 5' halves of the mRNA. The
COOH-terminal 258 amino acids of the human UMiP synthase
protein contain the orotidine-5'-monophosphate decarboxy-
lase catalytic domain. This region is highly homologous to the
mouse orotidine-5'-monophosphate decarboxylase sequence.
The NH2-terminal 214 amino acids contain the OPRT domain.
There is amino acid homology between this protein domain
and specific regions of the Escherichia coli OPRT. The human
OPRT domain also contains the putative catalytic site common
to other human phosphoribosyltransferases.

In the last two steps of the de novo pyrimidine biosynthetic
pathway, ribose 5'-phosphate is added to orotic acid to form
orotidine 5'-monophosphate, and orotidine 5'-monophos-
phate is decarboxylated to yield UMP. The two activities
that catalyze these reactions are orotate phosphoribosyl-
transferase (OPRT; orotidine-5'-phosphate:pyrophosphate
phosphoribosyltransferase; EC 2.4.2.10) and orotidine-5'-
monophosphate decarboxylase (ODC; orotidine-5'-phos-
phate carboxy-lyase; EC 4.1.1.23). In bacteria and yeast,
these two activities reside on separate proteins (1, 2). Early
attempts to isolate and purify the two activities from mam-
malian sources invariably resulted in the copurification of
both activities (3-7). Cells in culture that have developed
resistance to 6azauridine or pyrazofurin, inhibitors of ODC
activity, have coordinately increased levels of both OPRT
and ODC activities (8, 9), indicating that the activities are
closely linked. A single protein of M, =51,500 that contains
both the OPRT and ODC activities has now been purified
from mouse ascites cells (10) and from human placenta (11).
This bifunctional protein was designated UMP synthase.

The coordinated relationship of OPRT and ODC is strik-
ingly apparent in the autosomal recessive disease orotic
aciduria type I (see ref. 12 for review). Patients with this
disease have very low levels of the two activities; hence,
they are unable to convert orotic acid to UMP, and they
excrete large quantities of orotic acid in their urine. The
enzyme activity in deficient cells can be increased to near
normal levels if the cells are grown in the presence of certain
drugs or nucleotide analogues (13-16). This increased en-
zyme activity is caused by an increase in the amount of
immunoprecipitable UMP synthase protein in cell extracts
(16). The UMP synthase mRNA from fibroblast cells of
patients with orotic aciduria type I is identical in size and
quantity to the UMP synthase mRNA from normal fibro-
blasts (J.K.W. and D.P.S., unpublished observations). This
indicates that the enzyme deficiency in the orotic aciduria
patients results from a structural change in the UMP syn-
thase protein. To identify the mutation(s) in the amino acid
sequence of the defective protein, we have isolated and
sequenced cDNA and genomic fragments containing the
complete coding region of the normal UMP synthase
protein.§ Analysis of the sequence of UMP synthase re-
vealed a highly conserved protein, with distinct OPRT and
ODC catalytic domains, each showing homology with the
corresponding monofunctional proteins.

EXPERIMENTAL PROCEDURES
Selection of Human UMP Synthase cDNA and Genomic

Clones. The cDNA library was constructed in the AgtlO
cloning vector by using human T-lymphoblast (HPB-ALL,
human peripheral blood acute lymphoblastic leukemia)
mRNA, as described (17, 18). The plaques were screened on
duplicate filters by the method of Benton and Davis (19) as
described by Maniatis et al. (20). Positive plaques were
isolated through two rounds of selection. The UMP synthase-
specific inserts were isolated from these positive recombinant
plaques by EcoRI digestion and subcloned into the EcoRI site
of pBR322 for further sizing and restriction map analysis. For
isolation of UMP synthase genomic fragments, a human
genomic library prepared in the A Charon 4A vector (21) was
screened with the human UMP synthase-specific plasmid
pHUSc22 (17) as described for the cDNA libraries.
DNA Sequencing. Specific restriction fragments of the

UMP synthase inserts were isolated from low-melting-
temperature agarose and subcloned into M13 cloning-
sequencing vectors mp8/mp9 (22) or mpl8/mpl9 (23). The
sequence of the fragments was determined by the dideoxy

Abbreviations: QDC, orotidine-5'-monophosphate decarboxylase;
OPRT, orotate phosphoribosyltransferase.
§The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (Bolt, Beranek, and Newman Labora-
tories, Cambridge, MA, and Eur. Mol. Biol. Lab., Heidelberg)
(accession no. J03626).
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chain-termination method, both as originally described (24)
and with a quasi end-labeling adaptation (25). Analysis of the
DNA sequence and the assignment of homology was aided
by the DNA/protein sequence analysis software by James
Pustell available through International Biotechnologies.

RESULTS AND DISCUSSION
Isolation and Determination of Human UMP Synthase

Sequences. The UMP synthase cDNAs and genomic frag-
ments that were isolated and the strategy used to determine
the nucleotide sequence are illustrated in Fig. 1. The human
cDNA library was screened with a UMP synthase-specific
probe, pUMPS2, that had been isolated by differential
hybridization from a rat hepatoma cDNA library (26). The
initial screening of the cDNA library resulted in the isolation
of a single plaque, AHUSc22, from which a 1.45-kilobase
(kb) EcoRI insert was subcloned into pBR322 to produce
pHUSc22 (17). The library was rescreened with the
pHUSc22 insert as the hybridization probe; eight additional
positive plaques were identified, and the isolated inserts
were used to produce clones pHUSc32 to pHUSc39. The
size of the cDNA inserts ranged from I to 1.7 kb. The DNA
sequence of pHUSc22, -32, and -33 was determined. All
three cDNA inserts had identical sequences in all areas that
overlapped, pHUSc33 being the longest [1628 base pairs
(bp)] and the only one that contained a poly(A) tail. How-
ever, pHUSc33 did not extend in the 5' direction a sufficient
distance to contain the ATG translation initiation site.
The sequence at the 5' end of the coding region was

determined by analysis of UMP synthase genomic frag-
ments. To identify the fragment containing the 5'-most
region of the UMP synthase mRNA, we analyzed EcoRI
digests of the genomic clones by Southern blotting. A 2.7-kb
EcoRI fragment in the clone AHUSgl was identified by
hybridization to the 500-bp EcoRI-Xho I fragment from the
5' end of pHUSc33. This 2.7-kb genomic fragment was
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subcloned into pUC19 resulting in pHUSg1-5. A 545-bp
EcoRI-Pst I fragment was selected by hybridization to the
5'-terminal 122-bp EcoRI-Dde I fragment of pHUSc33.
Sequence analysis showed that the pHUSgl-5 genomic
EcoRI-Pst I fragment contained an overlap of 131 identical
bases (bp 129-260) with the 5' end of pHUSc33. At bp 260 of
the genomic fragment, there is the consensus AT/GT intron
splice site, and the identity with the cDNA clone is inter-
rupted by an intron sequence.
The nucleotide sequences of the pHUSc33 and pHUSc39

inserts and of the overlapping exon sequence of pHUSgl-5
with the predicted amino acid sequence for UMP synthase
are shown in Fig. 2. The ATG initiation codon is located in
the pHUSgl-5 fragment, just 26 bp on the 5' side of the end
of pHUSc33. The nucleotides immediately flanking the ATG
initiator codon (CGACAATGG) correspond well with the
consensus initiation signal (CCACCATGG) reported by Ko-
zak (27, 28), having the required adenosine at position -3
and guanosine at position + 4. The open reading frame, from
bp 105 to bp 1544, codes for 480 amino acid residues that
give a UMP synthase protein of Mr 52,199. In the mature
message, the 3'-untranslated region consists of 210 bp con-
taining a putative polyadenylylation signal sequence, AA-
TAAG, 13 bp from the poly(A)-addition site.

Precursor UMP Synthase mRNA. The clone pHUSc39
contained an insert of approximately the same size as
pHUSc33 and was initially presumed to be identical to
pHUSc33. However, restriction endonuclease digestion of
the two fragments indicated that pHUSc39 contained addi-
tional HindIII and BamHI sites not found in pHUSc33.
Complete sequencing of pHUSc39 revealed that it was
identical to pHUSc33 from bp 482 to the 3'-poly(A)-addition
site. However, pHUSc39 contained no poly(A) sequence
and extended 485 bp further in the 3'-noncoding region.
To determine the origin of the extra 3' sequence of

pHUSc39, the HindIII-EcoRI fragment containing this se-
quence was used as a hybridization probe for UMP synthase
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FIG. 1. Restriction endonuclease sites and fragments used in the DNA sequencing of UMP synthase. The open bar represents the UMP
synthase protein coding region, and the solid lines are 5'- and 3'-noncoding regions. The asterisk indicates the site of polyadenylylation in the
mature mRNA. The sequencing strategy is indicated by the direction and length of the arrows above the sequences. The open bar in HUSg1-5
represents an intron beginning at that site in the gene structure. The two cDNAs and the genomic fragment have identical sequences in the areas
of overlap. The numbers at the ends of the sequenced fragments indicate the corresponding bases in the combined structure.

Biochemistry: Suttle et al.

< - -II



1756 Biochemistry: Suttle et al. Proc. Natl. Acad. Sci. USA 85 (1988)

1 CTGCAGACGAGGCAGGGAGAGGCGGGACTTCGCGGGCGAGACGTCATCGGGGCGCCGGACGCCGGGGCGC

71 CTGGGAGTTTGAAGCAAACAGGCAGCGCGCGACAATG GCG GTC GCT CGT GCA GCT TTG GGG
Met Ala Val Ala Arg Ala Ala Leu Gly

132 CCA TTG GTG ACG GGT CTG TAC GAC GTG CAG GCT TTC AAG TTT GGG GAC iTC
Pro Leu Val Thr GLy Leu Tyr Asp Val Gin Ala Phe Lys Phe GLy Asp Phe
10 20

183 GTG CTG AAG AGC GGG CTT TCC TCC CCC ATC TAC ATC GAT CTG CGG GGC ATC
Va1 Leu Lys Ser Gly Leu Ser Ser Pro lie Tyr lie Asp Leu Arg Gly lie

30 40

234 GTG TCT CGA CCG CGT CTT CTG AGT CAG GTT GCA GAT ATT TTA TTC CMA ACT
Val Ser Arg Pro Arg Leu Leu Ser Gin Val Ala Asp lie Leu Phe Gin Thr

50 60

285 GCC CAA MT GCA GGC ATC AGT TTT GAC ACC GTG TGT GGA GTG CCT TAT ACA
Ala Gin Asn Ala Gly lie Ser Phe Asp Thr Va1 Cys Gly Val Pro Tyr Thr

70

336 GCT TTG CCA TTG GCT ACA GTT ATC TGT TCA ACC AAT CAA ATT CCA ATG CTT
Ala Leu Pro Leu Ala Thr Val Ile Cys Ser Thr Asn Gin lie Pro Met Leu

80 90

387 ATT AGA AGG AAA GAA ACA MG GAT TAT GGA ACT AAG CGT CTT GTA GAA GGA
lie Arg Arg Lys Giu Thr Lys Asp Tyr Gly Thr Lys Arg Leu Val Giu Gly

100
.

110

438 ACT ATT AAT CCA GGA GM ACC TGT TTA ATC ATT GM GAT GTT GTC ACC AGT
Thr lie Asn Pro Gly Glu Thr Cys Leu lIle lie Glu Asp Val Val Thr Ser

120

489 GEA TCT AGT GTT TTG GM ACT OTT GAG GTT CTT CAG AAG GAG GGC TO MG
Gly Ser Ser Val Leu Glu Thr Val Glu Val Leu Gin Lys Glu Gly Leu Lys

130 140

540 GTC ACT GAT GCC ATA GTG CTG TTG GAC AGA GAG CAG GGA GGC MG GAC AAG
Va1 Thr Asp Ala lie Val Leu Leu Asp Arg Glu Gin Gly Gly Lys Asp Lys

150 160

591 TTG CAG GCG CAC GGG ATC CGC CTC CAC TCA GTG TGT ACA TTG TCC AAA ATG
Leu Gin Ala His Gly lie Arg Leu His Ser Val Cys Thr Leu Ser Lys Met

170

642 CTG GAG ATT CTC GAG CAG CAG AAA AAA GTT GAT GCT GAG ACA GTT GGG AGA
Leu Glu lie Leu Glu Gin Gin Lys Lys Val Asp Ala Glu Thr Val Gly Arg
180 19

693 GTG MG AGG TTT ATT CAG GAG AAT GTC TrT GIG GCA GCG AAT CAT AAT GGT
Val Lys Arg Phe Ile Gin Glu Asn Val Phe Val Ala Ala Asn His Asn Gly

200 210

744 TCT CCC CIT TCT ATA AMG GAA GCA CCC AAA GAA CTC AGC TTC GGT GCA CGT
Ser Pro Leu Ser lie Lys GLu Ala Pro Lys Glu Leu Ser Phe Gly Ala Ar8

795 GCA GAG CTG CCC AGG ATC CAC CCA GTT GCA TCG MG CIT CTC AGG CIT ATG
Ala Glu Leu Pro Arg lie His Pro Val Ala Ser Lys Leu Leu Arg Leu Met

240

846 CAA AAG MG GAG ACC MT CTG TGT CTA TCT GCT GAT GTT TCA CTG GCC AGA
Gin Lys L p Glu Thr Asn Leu Cys Leu Ser Ala Asp Val Ser Leu Ala Arg2~ s euCsLuSe l s 260

897 GAG CiTG TTG CAG CiA GCA GAT GCT TTA GGA CCT AGT ATC TGC ATG CTG AAG
Glu Leu Leu Gin Leu Ala Asp Ala Leu Gly Pro Ser lie Cys Met Leu Lys

270 280

948 ACT CAT GTA GAT ATT TTG MT GAT TTT ACT CTG GAT GTG ATG MG GAG TTG
Thr His Val Asp lie Leu Asn Asp Phe Thr Leu Asp Val Met Lys Glu Leu

290

999 AlA ACT CTG GCA AAA TGC CAT GAG TTC TTG AlA TTT GAA GAC CGG AAG TTT
lie Thr Leu Ala Lys Cys His Glu Phe Leu lie Phe Glu Asp Arg Lys Phe

300 310

1050 GCA GAT ATA GGA MC ACA GTG AM AAG CAG TAT GAA GGA GGT ATC TTT AM
Ala Asp Ile Gly Asn Thr Val Lys Lys Gin Tyr Glu Gly Gly lie Phe Lys

320 330

1101 AlA GCT ICC 1GG GCA GAT CIA GTA AAM GCT CAC GIG GIG CCA GGC TCA GGA
Ile Ala Ser Trp Ala Asp Leu Val Asn Ala His Va1 Val Pro Gly Ser Gly

340

1152 GTT GTG MA GGC CTG CM GAA GTG GGC CTG CCT TTG CAT CGG GGG TGC CTC
Val Val Lys Gly Leu Gin Glu Val Gly Leu Pro Leu His Arg Gly Cys Leu
350 360

1203 CTI ATT GCG GM ATG AGC TCC ACC GCC iCC CTG GCC ACT GGG GAC TAC ACT
Leu lie Ala Glu Met Ser Ser Thr Gly Ser Leu Ala Thr GI Asp Tyr Thr
37031

1254 AGA GCA GCG GTT AGA ATG GCT GAG GAG CAC TCT GAA iTl GTT GTT GI TTT
Arg Ala Ala Val Arg Met Ala Glu Glu His Ser Glu Phe Val Val Gly Phe

390 400

1305 ATT TCT GGC TCC CGA GTA AGC ATG AMA CCA GAA TTI CTT CAC TTG ACT CCA
lie Ser Gly Ser Arg Val Ser Met Lys Pro Glu Phe Leu His Leu Thr Pro

410

1356 GGA GTT CAG TTG GM GCA GGA GGA GAT MT CTT GGC CM CAG TAC AAT AGC
Gly Val Gin Leu Glu Ala Gly Gly Asp Asn Leu Gly Gin Gin Tyr Asn Ser

420 430

1407 CCA CM GM GTT ATT GGC MA CGA GGT TCC GAT ATC ATC ATT GTA GGT CGT
Pro Gin Glu Val lie Glt Lys Arg Gly Ser Asp lie lie Ile Val GlI Arg

1458 GGC AlA ATC TCA GCA GCT GAT CGT CTG GAA GCA GCA GAG ATG TAC AGA AM
Gly lie lie Ser Ala Ala Asp Arg Leu Glu Ala Ala Glu Met Tyr Arg Lys

460

1509 GCT GCT TGG GAA GCG TAT ITG AGT AGA CTT GGT GTT rGA GTGCTTCAGATACAT
Ala Ala Trp Glu Ala Tyr Leu Ser Arg Leu Gly Val

470 480
1563 TTTTCAGATACAATGTGAAGACATTGAAGATAGTOGGtCCTCCTGAAAGTCACTGGCtGGAMTMT

1630 CCAATTATTCtTGCTTGGATtCTTCCACAGbGCCTGTGTAAGAATGGGTTtTGGAGTTCTtATGGTC

genomic fragments and mRNA. The 3'-HindIII-EcoRI frag-
ment of pHUSc39 hybridized to a subset of the fragments
identified by the pHUSc33 sequence on a Southern blot of
EcoRI-digested UMP synthase genomic clones. These find-
ings indicate that the 3'-noncoding sequence of pHUSc39 is
contiguous with the coding region of UMP synthase in the
gene structure. This 3'-end fragment also hybridized to
mRNA from a human cell line that has amplified the UMP
synthase gene -60-fold and shows a 40-fold increase in UMP
synthase mRNA (17). The 3' fragment hybridizes only
slightly to the mature 2.0-kb UMP synthase mRNA but
hybridizes more strongly to higher molecular weight forms
of the mRNA. When pHUSc33 was used as the probe, these
same larger mRNAs were identified in the amplified line, but
the hybridization was weaker than to the mature mRNA.
These data indicate that pHUSc39 is derived from a precur-
sor or alternatively processed mRNA for UMP synthase.
A similar cDNA sequence was isolated from a mouse

Ehrlich ascites cell cDNA library (29). It contained the ODC
domain and a 3'-noncoding region that contained a truncated
poly(A)-addition signal but, like pHUSc39, did not include the
poly(A) sequence. Unlike HUSc39, hybridization of the
mouse 3' sequence to poly(A) mRNA isolated from the mouse
ascites did not detect larger sizes ofmRNA. It may be that the
level of precursor mRNAs in the ascites sample is too low to
be detected. The 3'-noncoding region of pHUSc39 showed
detectable hybridization only to mRNA from the cell line that
contained the 40-fold increase in UMP synthase mRNA.
UMP Sequence Homology. The amino acid sequence of the

ODC enzyme from yeast has been deduced from the nucle-
otide sequence of the URA3 gene (30). The ODC domain of
the mouse ascites UMP synthase enzyme has also been
cloned and sequenced (29). There is a high level of homology
between the two sequences (52% identical residues) (29).
Fig. 3 illustrates the homology between the ODC domain of
the mouse ascites protein and the COOH-terminal half
(amino acids 221-480) of the human UMP synthase se-
quence. These sequences are 90% identical, having only 26
nonidentical amino acids out of 259, with seven of the
changes being neutral substitutions (i.e., substitution be-
tween alanine, glycine, isoleucine, leucine, and valine).
The NH2-terminal 214 amino acids of human UMP syn-

thase were compared with the deduced amino acid sequence
of the OPRT protein from Escherichia coli (31) (Fig. 4). The
sequences were aligned with gaps used to maximize the
possible homology. The regions between residues 96 and 155
of the human protein and the E. coli protein have 43%
identical amino acids. If homologies between amino acids
with similar hydration potential are taken into account (32,
33), this region of the proteins is 73% identical. A region of
20 amino acids is highly conserved in a series of mammalian
and prokaryotic enzymes that share the phosphoribosyl-
transferase function (34-36). An earlier study by Argos et al.
(33) predicted that this region may be part of a catalytic
domain. Fig. 5 shows the homology of this region in the
OPRT domain with human hypoxanthine phosphoribosyl-
transferase and adenine phosphoribosyltransferase.
UMP Synthase Domain Structure. One characteristic of the

structure of multifunctional proteins is that they exist as

1697 T1 rTAAGCtTGC

1764 TTTTTTtGAGACTGGTGTTTGTTAGACAGCCACAGTICTGTCTGGGTTAGGGTCTTCCACATTTGAG

1831 GATCCTTCCtATCTCTCCAtGGGACTAGACTGCTTTGTTATTCTATTTATTTTTAATTtTTTTCGA
1898 GAtAGGATCTCACTCTGTTGCCLAGGATGGAGtGCAGTGGTGAGATCACGGCtCATTGCAGCtTCGA

1965 CCTCCLAGGTGATCCtCCCACCTCACTTCCAGATtAGCTGGTGCfATAGGCATGLACCACCACGtC

FIG. 2. Nucleotide and deduced amino acid sequences of human
UMP synthase. The consensus sequence around the initiator ATG
(positions 100-108) and the putative poly(A)-addition signal (positions
1741-1745) are underlined. The poly(A) sequence begins at bp 1759 in
the HUSc33 cDNA and is marked with an asterisk. The 5' ends of the
HUSc33 cDNA (arrow) and the HUSc39 cDNA (arrowhead) are
indicated at bp 131 and 482, respectively. The position of the intron in
fragment HUSg1-5 (solid triangle) is indicated at bp 260. The nucle-
otide numbers are indicated at the beginning of each line, and the
amino acid sequence numbers are indicated below the amino acids.

2099 TGGGCTICMGCGATCCTCCTGtCTCAGTCTCtCAAAGTGCTGGGATTACAGGTGTGAGCCACTGTGC

2166 CCAGtCTAATTGCAGTMGACMAAATTCTAGGGtACCAAGAGGCTAAAGTCAGtACAGCTTTTITT

2233 GTGTCCTGTATT
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221 APKELSFGAR AELPRIHPVA SKLLRLMQKK ETNLCLSADV SLARELLQLA
* ** * *

4 ACKELSFGAR AELPGTHPLA SKLLRLMQKK ETNLCLSADV SEARELLOLA

271 DALGPSICML KTHVDILNDF TLDVMKELIT LAKCHEFLIF EDRKFADIGN
* ** *

54 DALGPSICML KTHVDILNDF TLDVMEELTA LAKRHEFLIF EDRKFADIGN

321 TVKKQYEGGI FKIASWADLV NAHWPGSGV VKGLQEVGLP LHRGCLLIAE
* * * *

104 TVKKQYESGT FKIASWADIV NAHWPGSGV VKGLQEVGLP LHRACLLIAE

371 MSSTGSLATG DYTRAAVRMA EEHSEFWGF ISGSRVSMKP EFLHLTPGVQ
* * * * * *

154 MSSAGSLATG NYTKAAVGMA EEHCEFVIGF ISGSRVSMKP EFLHLTPGVQ

421 LEAGGDNLGQ QYNSPQEVIG KRGSDIIIVG RGIISAADRL EAAEMYRKAA
* * * ** *

204 LETGGDHLGQ QYNSPQEVIG KRGSDVIIVG RGILAAANRL EAAEMYRKAA

471 WEAYLSRLGV end
* *

254 WEAYLSRLAV Qend

FIG. 3. Amino acid sequence homology between the human and
mouse ODC domains. The COOH-terminal half of the human UMP
synthase deduced amino acid sequence (upper sequence) was
aligned with the sequence of the ODC domain of the mouse (29).
Only the amino acids marked with an asterisk are different in the
two sequences. The amino acid numbers for the human sequence
correspond to the numbering shown in Fig. 2. The amino acid
numbers for the mouse are as shown in figure 7 of ref. 29.

autonomous domains of catalytic activity linked together by
a polypeptide tether that may be sensitive to protease action.
Therefore, with the use of limited proteolytic treatment,
multifunctional proteins may be digested into polypeptide
domains that possess a single catalytic activity (37-40). For
UMP synthase it has been shown that limited treatment with
trypsin or elastase yields protein fragments that contain only
OPRT or ODC activity (6, 40). Thus the UMP synthase
protein may be composed of three regions: OPRT domain,
connector peptide, and ODC domain. The regions of UMP

1 mavaraatgpLvTgtyDVqaFkFgDfVLKsGts-------SPiYIdtrGIVsrpR--
* *** * ** * * *

1 MkPyqrQFieFaLsKqVLKfGeftLksgrkSP-YFfnaGLFntgRdL

49 -LLsQV-AD1LFQTAqNAgIsFdTV-cGVP--- YTALpLAtvicstnQ1PmLtRRKE
** * * * * * ** ** * ***

47 aLLgRFyAEALVDSGiEFdLLFgPAykGIPiatTTAVaLAehh- -dlDLPyCFNRKE

100 tKDyGtk-RLVeGTInpGEtCLiIEDWTsGSsVLETVEVLQkEGLkvTdAIVL--L
** * ** * * * ** ** * * * * * *** *

101 aKDhGeggNLV-GSALqGRvML-VDDVITaGT-ArESMEIIQaNGA--TlAGVLisL

154 DREQgGKdKLqAhgirlH-SvCt-LSkmleI-LEqqkkvdaEtvgrVKRFlqenVfV
** * * * **D* * *

153 DRQErGRgEIsAiqeveRdYnCkvISi---ItLKdliayleEkpemfAEHLA--aVkA

208 aaNHnGs 214

205 yrEEfGv end 212

FIG. 4. Comparison of deduced amino acid sequence for OPRT
from human and E. coli. The upper sequence is the NH2-terminal
214 amino acids of human UMP synthase. The lower sequence is for
the E. coli pyrE gene product (31). The asterisks mark identical
residues in the two sequences. Capital letters indicate similar
residues based on the hydration potential of each amino acid (32) as
reported by Argos et al. (33). The amino acids were divided into the
following three groups as described by Ohmstede et al. (29):
strongly water soluble (glycine, alanine, leucine, isoleucine, valine,
phenylalanine, cysteine, and methionine); equally water-vapor sol-
uble (threonine, proline, serine, tryptophan, and tyrosine); and
vapor soluble (glutamine, asparagine, lysine, histidine, glutamic
acid, aspartic acid, and arginine). The dash indicates a gap in the
sequence introduced to produce maximum homology.

human OPRT

human HGPRT
human APRT

1166 GE T I I E D V V T S G SjVLE T

126 G K N VL I V E D I I D T G K T M Q T L

120 R V V V V D D L L A T G G T M N A A

FIG. 5. Sequence homology of human phosphoribosyltransfer-
ases. The putative catalytic site is aligned for three human phospho-
ribosyltransferase enzymes (OPRT; HGPRT, hypoxanthine phos-
phoribosyltransferase; APRT, adenine phosphoribosyltransferase).
Positions of identical or neutral amino acid substitutions are boxed.
The numbers indicate the position of the glycine residue in the
respective protein sequences.

synthase that exhibit homology with the OPRT and ODC
monofunctional proteins of E. coli (31) and yeast (30) and
with the ODC domain of the mouse UMP synthase (29) are
indicated on a hydropathy plot in Fig. 6. The connector
peptide would be localized to a central segment (including
amino acids 192-237) that appears to be free of significant
stretches of either hydrophilic or hydrophobic residues. The
size of this proposed polypeptide linker joining the two
catalytic domains and its role in UMP synthase structure and
function have not been determined. It may be that the
connector does not significantly affect the integrity of the
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FIG. 6. Hydropathy plot of the UMP synthase amino acid
sequence. The plot was derived with the program of J. Pustell
available through International Biotechnologies. The hydropathic
indices of nine consecutive amino acids are averaged to generate each
point. The numbers of the amino acids are indicated at the bottom.

Biochemistry: Suttle et al.

c~



Proc. Natl. Acad. Sci. USA 85 (1988)

domains. The two domains ofUMP synthase appear in many
respects to be independent. For example, after proteolytic
cleavage, the OPRT and ODC activities can be separated,
and an active ODC domain can be isolated (6, 40). A
functional mouse ODC domain can also be produced from a
bacterial or yeast expression vector containing only the 3'
portion of the UMP synthase cDNA (29, 41). The homology
of the putative catalytic site in the OPRT domain with that of
other monofunctional phosphoribosyltransferases indicates
that a similar catalytic mechanism may be used.
However, it remains intriguing that, in the autosomal

recessive disease orotic aciduria type I, both activities of
UMP synthase are deficient. The fact that growth in the
presence of nucleoside analogues can partially restore both
activities of UMP synthase in the deficient cells (13-16)
argues against altered catalytic sites, as has been docu-
mented with other enzyme deficiencies such as hypoxan-
thine phosphoribosyltransferase (42). One possibility is that
the connector sequence may in fact play a role in the correct
folding of the domains, the necessary juxtaposition of the
domains within a single polypeptide, or the proper interac-
tion of the domains in the active homodimer form of the
protein. A mutation in this region of the protein might
destabilize the protein structure and result in increased
temperature lability or proteolytic degradation.

Studies of the bifunctional yeast tryptophan synthetase
protein indicate a region of 66 amino acids that may form a
connector peptide between the a and f8 subunits (43). Initial
experiments show that even a short deletion of 2 amino acids
can result in significant loss of activity for both the subunits.
Grayson and Evans (38) have isolated the aspartate transcar-
bamylase domain of the multifunctional protein comprising
the first three activities of the de novo pyrimidine pathway.
Their studies indicate that the aspartate transcarbamylase
domain may have similar structural and kinetic properties as
the intact multifunctional protein. However, the transcar-
bamylase activity of the intact protein is approximately six
times more stable than that of the isolated domain in the
absence of substrates and cryoprotectants, indicating a role
for the connector region in the tertiary structure of the protein
(38). Since we have determined the complete sequence of the
UMP synthase coding region, alterations can be identified in
the sequence of UMP synthase cDNAs isolated from orotic
aciduria cell lines. The relationship of the alterations and the
resulting deficiency of both OPRT and ODC activities in the
UMP synthase protein can then be further characterized.
Note Added in Proof. A DNA segment containing the complete
coding region of UMP synthase has been constructed from the
overlapping cDNA and genomic fragments and inserted into a
mammalian expression vector. Urd -C cells [Chinese hamster ovary
cells that are deficient in both activities of UMP synthase and
require uridine-supplemented medium for growth (44)] were trans-
fected with this vector. Colonies were selected in medium without
uridine, and enzyme assays indicated that the transfected cells
contained UMP synthase activity at levels up to four times higher
than wild-type Chinese hamster lung cells. These results indicate
that the selected sequence does encode a functional UMP synthase
protein with both OPRT and ODC activity.
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