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ABSTRACT A near full-length cDNA copy of rat carbam-
oyl-phosphate synthetase I (EC 6.3.4.16) mRNA has been
cloned. The cDNA insert in the recombinant plasmid pHN234
is 5.3 kilobases long. Analysis of the sequence coding for car-
bamoyl-phosphate synthetase I indicates that the gene has aris-
en from a fusion of two ancestral genes: one homologous to
Escherichia coli carA, coding for a glutaminase subunit, and
the second homologous to the carB gene that codes for the syn-
thetase subunit. A short amino acid sequence previously pro-
posed to be part of the active site involved in glutamine amide
nitrogen transfer in the E. coli and yeast carbamoyl-phosphate
synthetases (EC 6.3.5.5) is also present in the rat enzyme. In
the mammalian enzyme, however, the glutaminase domain
lacks a cysteine residue previously shown to interact with glu-
tamine. The cysteine is replaced by a serine residue. This sub-
stitution could, in part, account for the inability of mammalian
carbamoyl-phosphate synthetase I to catalyze the hydrolysis of
glutamine to glutamic acid and ammonia.

Carbamoyl-phosphate synthetase I [carbon-dioxide:am-
monia ligase (ADP-forming, carbamate-phosphorylating);
EC 6.3.4.16] provides carbamoyl phosphate for arginine and
urea biosynthesis. In ureotelic animals, the enzyme occurs
only in the liver and small intestine (ref. 1 and J. Ryall, M.
Nguyen, M. Bendayan, and G. C. Shore, personal commu-
nication) where it is localized in the matrix compartment of
the mitochondria. Mitochondrial carbamoyl-phosphate syn-
thetase consists of a single subunit of Mr 160,000 (2, 3). The
protein is encoded in the nuclear genome and is synthesized
on free polysomes as a precursor with Mr 165,000 (4). The
precursor is incorporated post-translationally by mitochon-
dria, where the mature enzyme constitutes 20-25% of the
matrix protein (2, 3, 5). Levels of carbamoyl-phosphate syn-
thetase I mRNA have been shown to be regulated develop-
mentally, by hormones, and by diet (6).
Carbamoyl-phosphate synthetase I catalyzes the synthesis

of carbamoyl phosphate from HCO-, 2 ATPs, and NH3 in a
reaction that requires the allosteric activator N-acetyl-L-glu-
tamate (7-9). This enzyme differs in its allosteric regulation,
substrate specificity, and subunit structure from carbamoyl-
phosphate synthetases [carbon-dioxide:L-glutamine amido-
ligase (ADP-forming, carbamate-phosphorylating); EC
6.3.5.5] of most bacteria and lower eukaryotes (yeast and
Neurospora crassa). These latter enzymes utilize glutamine
or NH' as nitrogen donor for carbamoyl phosphate synthe-
sis. They are composed of two distinct subunits (10-13). A
smaller subunit (Mr 42,000) transfers glutamine amide nitro-
gen to a larger subunit (Mr 118,000) that utilizes enzyme-
bound NH3 for carbamoyl phosphate synthesis from HCO3
and ATP (10, 12, 13). NH+ has been shown to be a substrate
for carbamoyl phosphate synthesis by the large subunit (10,
12, 13).

Sequence analyses of the genes of the prokaryotic and
yeast arginine-specific carbamoyl-phosphate synthetases
have shown these enzymes to be evolutionarily related (14-
17). The present studies were undertaken with the general
aim of establishing the relation of the mammalian ammonia-
dependent carbamoyl-phosphate synthetase to the gluta-
mine-dependent enzymes. We report the successful cloning
of a cDNA complementary to rat liver carbamoyl-phosphate
synthetase I mRNA. Nucleotide sequence analysis of the rat
cDNA indicates that the mammalian gene is related to both
the prokaryotic and fungal genes for the glutaminase and
synthetase subunits of carbamoyl-phosphate synthetase.

MATERIALS AND METHODS
DNA and Enzymes. Enzymes were purchased from New

England Biolabs, P-L Biochemicals, and Amersham. Re-
verse transcriptase was a gift from J. Beard (Life Sciences,
St. Petersburg, FL). Plasmid DNA from Escherichia coli
RR1 was prepared according to the method of Birnboim and
Doly (18) and purified by chromatography on Sepharose 6B.
Rat Liver mRNA. Rat liver polysomes were isolated from

livers of Wistar strain rats that had been maintained for 7
days on a 60% protein diet. The polyribosomal RNA was
extracted with guanidinium thiocyanate by the procedure of
Chirgwin et al. (19) and enriched for poly(A)+ RNA by pas-
sage of the total polysomal RNA through oligo(dT)-cellu-
lose. The isolated mRNA preparation was confirmed to con-
tain functional, full-length transcripts by in vitro translation
and immunoprecipitation of the translation products with
antibodies specific for rat liver carbamoyl-phosphate synthe-
tase I. Autoradiographs showed a single radioactive band
corresponding in size to the precursor form of the rat en-
zyme (unpublished data).

Construction of a cDNA Library. A cDNA library of the
purified rat liver mRNA was made by the method of Okaya-
ma and Berg (20). The cDNA recombinant library in E. coli
RR1 consisted of =1.5 x 106 independent clones.

Selection of Carbamoyl-Phosphate Synthetase I cDNA
Clones. The cDNA library was screened by colony hybrid-
ization according to the method of Hanahan and Meselson
(21). The hybridization probe used in the screen was a nick-
translated Xho I/EcoRI fragment encompassing the se-
quence coding for the 345 carboxyl-terminal residues of car-
bamoyl-phosphate synthetase I (unpublished data). This
clone, pKB21, was obtained from a conventional pBR322
cDNA library that had been screened with a 770-base-pair
(bp) cDNA insert from a clone, pCPSrl, kindly provided by
W. E. O'Brien (Baylor College of Medicine). An initial
screening of the Okayama-Berg cDNA library (120,000
transformants) yielded 34 confirmed positive clones. The
longest clone, pHN107, was ascertained to have a cDNA in-
sert of 4.4 kilobase pairs (kbp). A restriction fragment (Xho
I/BstEII) from the 5'-proximal end of pHN107 was used as a

Abbreviations: kbp, kilobase pair(s); kb, kilobase(s).
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r a larger screening involving 1.8 x 106 clones. This This region of pHN234 was isolated on three separate re-
g produced another 135 clones, of which the longest striction fragments and the entire sequence of both strands
4) had an insert of 5.3 kbp. Based on the estimated was determined [HindIII/Xho I, Xho I/BstEII, and Bam-
he mRNA, 5.7 ± 0.3 kilobases (kb) (unpublished HI/Acc I (Fig. 1)].
iN234 should encode almost the entire sequence of Evidence for a Fusion of Ancestral Glutaminase and Synthe-
4A. The sequence data reported in this paper were tase Subunits in the Rat Carbamoyl-Phosphate Synthetase I
from pHN234. Gene. The region of the rat liver cDNA sequenced is shown
Sequence Analysis. The method of Maxam and Gil- in Fig. 1. This region of approximately 800 nucleotides starts
) was used for sequencing selected regions of 400 nucleotides from the Pst I site of the vector in pHN234.
All of the sequence data were obtained from 5'- Based on the length of the synthetase subunits of E. coli and

led fragments after separation of the single strands yeast, the predicted site of fusion should be close to the up-
icrylamide gels (22). stream Xho I site, 960 nucleotides from the start of the in-

sert. The amino acid sequence deduced from the nucleotide
RESULTS AND DISCUSSION sequence of this region is presented in Fig. 2. Also shown inFig. 2 are the sequences of the carboxyl-terminal ends of the

iction Analysis of pHN234. pHN234 was established yeast and E. coli glutaminase subunits and of the amino-ter-
a cDNA insert of 5;3 kbp. A restriction map of the minal regions of the respective synthetase subunits. The re-
cDNA is presented in Fig. 1. The restriction map gion of nonhomology at the junction of the small and large
vith that of the shorter clones pHN107 (4.4 kbp) and subunits in the rat sequence comprises only 15 amino acid
(1.5 kbp), both of which were usec for the selection residues, suggesting that the gene for carbamoyl-phosphate
234. synthetase I was formed by a simple gene fusion event.
)rimary objective of this study was to determine Evolutionary Changes in the Glutamine Catalytic Domain.
mammalian carbamoyl-phosphate synthetase I iS a Our studies of the small subunits of E. coli and yeast carba-

sion product consisting of a synthetase subunit ho- moyl-phosphate synthetase, together with previously report-
as to the large synthetase subunit of the prokaryotic ed sequences of other amidotransferases, indicated that
)yl-phosphate synthetase and to a smlaller subunit, these enzymes have a common domain consisting of 13 ami-
n E. coli catalyzes the hydrolysis of glutamine and no acids (17). One of the salient features of this domain, pro-
of ammonia. posed to be part of the glutamine catalytic site, is the pres-
mnce analysis of pKB21 indicated that it codes for the ence of a cysteine residue, which has been shown in the cas-
)oxyl-terminal amino acids of the rat liver carbamoyl- es of anthranilate synthase (EC--4.1.3.27) (24, 25) and
ate synthetase protein (unpublished data), Further- phosphoribosylformylglycinamidine synithetase (EC 6.3.5.3)
he nucleotide sequence of the cDNA clone pKB4 (26, 27) to be directly involved in the binding of the substrate
that the coding frame terminates 905 nucleotides glutamine. Furthermore, Buchanan (28) and Nagano et al.

e poly(A) tail (6). Since the amino acid sequence en- (29) have proposed that this cysteine participates in the for-
n the two clones was found to be homologous to the mation of a y-glutamyl thioester as part of the catalytic
ase subunits of both yeast and E. coli, it was possible mechanism. Since mammalian carbamoyl-phosphate synthe-
iate that the site of fusion with the glutaminase gene tase I utilizes free NH3 but not glutamine as the source of
)e approximately 4.2 kb upstream of the poly(A) tail. ammonia nitrogen, we were especially interested in any

0 2 3 4 5 changes that might have occurred in the glutamine catalytic0 2 3 domain of the enzyme. This domain is still recognizable in
the rat carbamoyl-phosphate synthetase I sequence (under-kb lined in Fig. 2). Out of 13 amino acid residues, there are five

COOH identities and two conservative substitutions among the
COH three enzymes. The most significant difference noted be-

tween the yeast, E. coli, and rat sequences is that the rat
sequence contains serine in place of the reactive cysteine

HPPB XA Bs P P X HBsEA residue.
4 I I I I I I The conservation of sequence homology flanking the ser-

ine in carbamoyl-phosphate synthetase I suggests that this
H P X A Bs P P X H Bs E A domain may have retained a function in either acetylgluta-

pHN 107 5 ' I C mate or NH3binding. Even though the large subunits of both
E. coli and fungal carbamoyl-phosphate synthetases have

PX H E P been shown to utilize NH' for carbamoyl phosphate synthe-
pKB21 j.LLWLLI sis, the affinity for NH' is low. The Km for free NH' has

Restriction maps of cDNA clones. The smallest clone, been estimated to be 90 mM for the E. coli enzyme (30) and
was used to obtain the Xho I/EcoRl probe for the selection 16.6 mM for the N. crassa large subunit (13). These values
07. The longest clone, pHN234, was isolated by using the 5' are 17- to 90-fold higher than that of the mammalian enzyme.
Xho I/BstEll fragment of pHN107 as a probe. The cDNA If the proposed glutamine catalytic domain in the small sub-
pHN234 contains almost the entire coding sequence plus unit is involved not only in hydrolysis of glutamine but also
f 3' flanking sequence of the mRNA. The location of the in transfer of the liberated ammonia to the synthetase site,
egion of the gene is indicated by the bar above the restric- the absence of the cysteine residue in the mammalian en-
's of the three clones; COOH denotes the carboxyl-terminal zyme would be expected to result in a loss of hydrolytic ac-
e encoded polypeptide. The cDNA, region sequen~ced (indi- tivity but not necessarily of NH3 binding or of its transfer to
the shaded region of the bar) includes 800 nucleotides span-
most 5' Xho I site. The restriction sites for HindIll (H), Pst
mnHI (B), Xhc I(X), Acc I (A), BstEII (Bs), and EcoRI (E) modified glutamine domain may also have acquired a new:ated above eah restrictio mAp.Btl(B) andEc (uctEna an alotn sit brN-aceyllutmae, kow
a ipHN234 pHN17 unction as an allosterc site or N-acetylglutamate, a known

lated from the cDNA library constructed by the method of effector of ammonia-dependent carbamoyl-phosphate syn-
a and Berg (20). pKB21 was obtained from a library con- thetases. These questions can be clarified from studies of
by inserting double-stranded cDNA into the Pst I site of carbamoyl-phosphate synthetase III of invertebrates (31)
(23). and elasmobranch and teleost fishes (32-34). This enzyme is
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Rat CPS I, single subunit

Yeast CPS

E. coli CPS

DRKEPLFGISTGNIITGLAAGAKSYKMSMANRGQNQPVLNITNRQAFITAQNHGYALDN-TLPA-GWKPLFVNVNDQTNEGIMH-ESK
255 lIII* I lIII I I 1 11 1 11 11 IlII 341
YDCIPIFGICLGHQLLALASGASTHKLKYGNRAHNIPAMDLTTGQCHITSQNHGYAVDPETLPKDQWKPYFVNLNDKSNEGMIH-LQR
260 1 :IIIIIIIIIIIIIIIIII I I II I I I I 345

ETDIPVFGICLGHQLLALASGAKTVKMKFGHHGGNHPVKDVEKNVVMITAQNHGFAVDEATLPA-NLRVTHKSLFDGTLQGI-HRTDK

PFFAVFHPEVSPGPTDTEYLFDSFFSLIKKGKGTTITSVLPKPALVASRVE-VSKVLILGSGGLSIGQAGEFDYSGSQAVKAMKEEN
3421 I 1 1 1 1 1 1 1 1 1 1 378 22111 1II 1III II IIIIIII I II I I

PIFSTQFHPEAKGGPLDTAILFDKFFDNIEKYQLQSQ QLVEGVNSVLVIGSGGLSIGQAGEFDYSGSQAIKALKEDN
3461 1 1 1 1 11 1 liii 1 1111 1 1 I

PAFSFQGHPEASPGPHDAAPLFDHFIELIEQYRKTAK-cooH NH2-PKRTDIKSILILGAGPIVIGQACEFDYSGAQACKALREEG

Small subunit Large subunit

FIG. 2. Amino acid sequence homology between the yeast and E. coli small and large subunits and the single subunit of rat carbamoyl-
phosphate synthetase I (CPS I). The alignments of the yeast and E. coli subunits are those proposed previously (16, 17). The amino acid
sequences of rat, yeast, and E. coli carbamoyl-phosphate synthetases (CPS) are each continuous between the upper and lower parts of the
figure. The numbers above the yeast and E. coli sequences indicate the position of the amino acid residues in the previously published
sequences (14-17). The yeast small subunit has an additional 33 amino acids beyond Gln-378. The NH2 terminus of the large subunit of yeast
carbamoyl-phosphate synthetase is 21 amino acids before the sequence shown. The COOH terminus (Lys) of the E. coli small subunit and the
NH2 terminus (Pro) of the large subunit are so indicated. The glutamine active site of the yeast and E. coli small subunits proposed previously
(17) is underlined. The reactive cysteines, Cys-264 and Cys-269, of the yeast and E. coli proteins, respectively, are indicated by asterisks. The
vertical lines indicate identical amino acids; the broken lines denote functionally conserved hydrophobic residues in the glutamine domain.
Dashes indicate spaces inserted to maximize homology. The single-letter amino acid abbreviations are A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

known to utilize glutamine as the nitrogen donor for carbam-
oyl phosphate synthesis, but, like mammalian carbamoyl-
phosphate synthetase, it is a single polypeptide (Mr =

160,000) requiring N-acetylglutamnate for enzymatic activity.
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