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cDNA complementary to hamster mRNA encoding the CAD protein, a multifunctional protein which carries
the first three enzymes of pyrimidine biosynthesis, was constructed. The longest of these recombinants
(pCAD142) covers 82% of the 7.9-kilobase mRNA. Portions of the cDNA were excised and replaced by a lac
promoter-operator-initiation codon segment. The resultant plasmids were transfected into an Escherichia coli
mutant defective in aspartate transcarbamylase, the second enzyme of the pathway. Complementation of the
bacterial defect was observed with as little as 2.2 kilobases of cDNA sequence, corresponding to the 3' region
of the mRNA. DNA sequencing in this region of the hamster cDNA reveals stretches which are highly
homologous to the E. coil gene for the catalytic subunit of aspartate transcarbamylase; other stretches show no
homology. The highly conserved regions probably reflect areas of protein structure critical to catalysis, while
the nonconserved regions may reflect differences between the quaternary structures of E. coli and mammalian
aspartate transcarbamylases, one such difference being that the bacterial enzyme in its native form is
allosterically regulated and the mammalian enzyme is not.

The six-step pathway of pyrimidine biosynthesis is com-
mon to organisms ranging from bacteria to mammals. In
Escherichia coli, each step is catalyzed by a separate protein
or protein complex, and aspartate transcarbamylase
(ATCase; EC 2.1.3.2), the second enzyme, is the major point
of allosteric control of the pathway (24). In mammals, the six
enzymes are associated with only three proteins, and
carbamoylphosphate synthetase (CPSase; EC 6.3.5.5), the
first rather than the second enzyme of the pathway, is
affected through allosteric regulation (20). The first three
enzymes, i.e., CPSase, ATCase, and dihydroorotase
(DHOase; EC 3.5.2.3), are found on a single trifunctional
protein designated CAD. The CAD protein of hamster
occurs as an oligomer of identical monomers of Mr 220,000
(8, 10, 25). Within each monomer, the protein appears to be
organized into a series of independent functional domains
separated from one another by proteolysis-sensitive peptide
bridges (11, 25, 39). Each of the three enzyme activities is
associated with a different domain.
The CAD monomer of Syrian hamsters is encoded by an

mRNA of 7.9 kilobases (kb; 45). The gene, on the other
hand, spans more than 25 kb and is interrupted by over 30
introns (35). Previously, Wahl and coworkers (45) con-
structed a plasmid clone (pCAD41) containing a 2.3-kb insert
complementary to the 3' region of CAD mRNA. However,
for purposes of analyzing the organization of the CAD gene,
a more complete CAD cDNA would be invaluable. In this
paper we describe the construction of much larger cDNA
inserts by the highly efficient cloning technique developed by
Okayama and Berg (32). This paper also shows how the
CAD cDNA can be used in conjunction with a bacterial
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mutant defective in pyrimidine biosynthesis as a powerful
expression system (9) that can define the portion of cDNA
sequence required to code for the hamster ATCase domain.
The validity of this approach is verified by sequencing a
portion of the hamster CAD cDNA and comparing it with the
coding sequence for the catalytic subunit of the E. coli
ATCase.

MATERIALS AND METHODS

Cells and cell culture. The Syrian hamster cell line, 165-28,
which overproduces CAD protein and mRNA 120-fold rela-
tive to normal cells (34, 45) was used as a source of mRNA.
Cells were grown in Dulbecco modified Eagle medium sup-
plemented with 10% (vol/vol) calf serum as described by
Wahl et al. (45).

Isolation of CAD mRNA. Cells grown in roller bottles to
approximately 75% confluence were fed with fresh medium 3
to 4 h before harvest. RNA was extracted from the cells with
a guanidinium thiocyanate solution by a modification of the
method of Chirgwin et al. (7). Poly(A)+ RNA was isolated by
chromatography on oligo(dT)-cellulose (3) and further frac-
tionated on a 10 to 40% linear sucrose gradient as described
by Wahl et al. (45). Fractions containing the 7.9-kb CAD
mRNA (34) were pooled, and RNA was recovered by
ethanol precipitation and stored in 50% ethanol at -20°C.

Synthesis and cloning of cDNA. Avian myoblastosis virus
reverse transcriptase (kindly provided by Joseph Beard, Life
Sciences, Inc.) was further purified by gel filtration on a
Sephacryl S-200 (Pharmacia Fine Chemicals, Inc.) column to
remove contaminating RNase activity (45). cDNA was syn-
thesized and cloned as described by Okayama and Berg (32).
The dT-tailed vector primer DNA and dG-tailed linker DNA
were generously provided by H. Okayama. The plasmid
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cDNA-mRNA derivative, having been dC tailed and di-
gested with HindIII, was subjected to centrifugation in a 5 to
20% sucrose gradient in a Beckman SW60 Ti rotor at 350,000
x g for 3 h. The fractions containing cDNA products larger
than 3 kb were pooled and used in the remaining steps of
cloning. The closed circular DNA formed was transfected
into E. coli X1776 by the protocol of Maniatis et al. (26) as
described by Okayama and Berg (33). The transformed cells
were pooled, added to 1 liter of x-broth (26) containing 25 ,ug
of ampicillin per ml, and grown at 37°C for 24 h. The
stationary culture was adjusted to 7% dimethyl sulfoxide and
stored in 2-ml samples at -70°C.

Screening of CAD cDNA clones. The cDNA library was
screened by the Grunstein and Hogness colony hybridiza-
tion method (17). The following three kinds of probes were
used for screening (see Fig. 2A): a 1.2-kb PvuII fragment
from pCAD41 (45), a 0.9-kb PvuII-BalI fragment from
pCAD103 isolated in this work, and a 2.2-kb BamHI frag-
ment from p206, a plasmid carrying a partial genomic CAD
DNA sequence including sequences which correspond to the
5'-terminal region of CAD mRNA (35). These fragments
were purified by agarose gel electrophoresis and labeled with
32p by nick translation (36). The individual clones positively
responding to these probes were grown in x-broth containing
25 jig of ampicillin per ml, and their plasmid DNAs were
isolated by the lysozyme-Triton procedure (12). The sizes of
cDNA inserts were determined by cleavage of recombinant
plasmids with HindIll and electrophoresis on a 1% agarose
gel. Clones carrying inserts longer than 3 kb were examined
for cleavage patterns with several other restriction
endonucleases with conditions recommended by the sup-
plier.

Northern blot analysis. Poly(A)+ RNA 165-28 cells was
glyoxylated, electrophoresed in 1% agarose gel, and trans-
ferred to diazobenzyloxymethyl-paper (1) or nitrocellulose
paper (44). The filters were probed with the 32P-labeled
cDNA inserts cloned as described above.

Construction of pCL plasmids. The plasmid with the long-
est insert (pCAD142) was purified from E. coli HB101 (29)
and digested to completion with EcoRI (Boehringer-
Mannheim Biochemicals). This DNA was then partially
digested with PvuII (New England BioLabs, Inc.). The
fragments of interest should have had a PvuII blunt end and
an EcoRI staggered end. The staggered end was converted to
a blunt end by a fill-in reaction with the Klenow fragment of
E. coli polymerase I, dATP, and TTP (26). After the DNA
fragments were separated by agarose gel electrophoresis
through an 0.5% gel, fragments in the range of 4.5 to 8.8 kb
were electroeluted onto DE81 paper (13). DNA was eluted
from the paper and further purified by passage through an
Elutip column (Schleicher & Schuell, Inc.). The DNA was
precipitated in ethanol and suspended in 20 mM Tris-hydro-
chloride (pH 8.0). A 203-base-pair (bp) HaeIII fragment from
lacUV5, containing the E. coli lac promoter-operator-initia-
tion codon and 71/3 additional codons of the lacZ gene, was
generously provided by the late John R. Sadler (University
of Colorado Health Sciences Center). This blunt-end frag-
ment, designated lac-203, was mixed with the cDNA frag-
ments isolated as described above and ligated with T4 DNA
ligase by the method of Maniatis et al. (26). The resulting
"pCL" plasmids were transfected into an E. coli pyrB
(ATCase-) mutant as described previously (9). The pyrB
strain 4517, kindly provided by Barbara Bachmann, is a
uracil-requiring F- strain originally isolated by A. L. Taylor
(AT2535). Ampicillin-resistant transformants were tested for
the presence of the lac-203 sequence by growth on medium

containing 5-bromo-4-chloro-3-indolyl-,-D-galactoside and
for complementation of the bacterial ATCase defect by
plating on minimal M9 medium (30) without uracil. Plasmid
DNA was isolated from transformants by the method of
Meagher et al. (29) and analyzed by restriction digestion and
electrophoresis on horizontal agarose gels (0.75 to 1.5 g/100
ml) in Tris-acetate buffer (26).
DNA sequencing. Portions of the cDNA corresponding to

the 3' end of CAD mRNA were cloned into M13 phage
vectors MP8 and MP9 (2, 18, 40) and sequenced by the
Sanger dideoxy method (41) with the gradient gel and
35S-labeling modifications described by Biggin et al. (5).
Similar portions were sequenced by the Maxam-Gilbert
protocol (27).

RESULTS

Synthesis of full-length CAD cDNA. To clone as much of
the 7.9-kb CAD mRNA as possible, we directed our efforts
toward optimizing the conditions for synthesis of full-length,
single-stranded cDNA. First, CAD mRNA was prepared
from a mutant hamster cell line (165-28) which has ap-
proximately 120 times the wild-type level of this RNA. To
minimize degradation ofRNA due to endogenous RNase and
also to ensure effective removal of RNA-binding proteins,
the cells were lysed with a potent protein-denaturing agent,
guanidinium thiocyanate (7), instead of the nonionic deter-
gent Nonidet P-40 used previously (45). Then the CAD
mRNA was partially purified by sucrose gradient centrifuga-
tion. The resultant RNA preparation contained a substantial
amount of intact 7.9-kb CAD mRNA, which was detectable
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FIG. 1. Synthesis of a full-length cDNA to CAD mRNA. (A)
Electrophoretic pattern of CAD mRNA used as template. RNA
prepared from 165-28 cells by the method of Chirgwin et al. (7) and
purified on a sucrose gradient was electrophoresed on

methylmercury-agarose gel (1%) and stained with ethidium bromide
as described by Bailey and Davidson (4). (B) Autoradiograph of
32P-labeled cDNA products as analyzed on a 1% alkaline agarose gel
(28). The reverse transcriptase reaction was performed in a 10-,u
volume as described in the text, with the following variations.
Reverse transcriptase: lanes 1, 3, 4, and 5, purified; lane 2, unpuri-
fied. Template: lanes 1, 2, 3, and 5, extracted with guanidium
thiocyanate; lane 4, extracted with Nonidet P-40. Primer: lanes 1
through 4, oligo(dT); lane 5, dT-tailed vector DNA. dNTP concen-
tration: lanes 1, 2, 4, and 5, 2 mM; lane 3, 0.2 mM. The numbers
with arrows indicate the length in kbs of complete CAD transcripts
and molecular size markers.
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FIG. 2. (A) Restriction maps of the cDNA inserts of pCAD clones. The pCAD41 insert was previously isolated by Wahl et al. (45) and
cloned into the PstI site of pBR322 by way of dG-dC bridges. The cDNA inserts of pCAD103, pCAD111, and pCAD142 were primed from
the dT tail of the Okayama and Berg vector as described in the text. Abbreviations and symbols: S, SmaI; P, PvuII; B, BgII; H, HindIll;
Ss, SstI; C, ClaI; Ps, PstI; Sa, Sall; Ba, Ball; X, XhaI; hatched boxes, probes for screening CAD cDNA clones; and open boxes, probes for
Northern blot analysis. (B) Restriction map of pCAD142. Linear form generated by EcoRI digestion. Thick lines represent CAD cDNA, solid
boxes represent the linkers derived from simian virus 40, and thin lines represent pBR322 DNA. PvuII restriction sites are shown numbered
from the 3' [poly(A)] end of the cDNA. Abbreviations for other restriction sites are as in (A). Probable coding regions for enzyme domains
are shown below the map.

as a prominent band on an agarose gel stained with ethidium
bromide (Fig. 1A).
cDNA synthesis was carried out with avian myoblastosis

virus reverse transcriptase that had been freed of RNase
activity by gel filtration on a Sephacryl S-200 column as

described by Wahl et al. (45). It has been noted that
degradation ofmRNA can occur during cDNA synthesis due
to the RNase H activity inherently associated with reverse
transcriptase, giving rise to anticomplementary DNA along-
side uncompleted cDNA (31). However, the presence of
high deoxynucleoside triphosphate (dNTP) concentration
has been shown to effectively suppress RNase activity (21).
Therefore, all four dNTPs were used in high concentrations
(2 mM each) equimolar in total to that of magnesium ion (8
mM) as recommended by previous authors (32, 38). Under
these conditions, full-length CAD cDNA of 7.9 kb was

produced as a major fraction of all cDNA produced (Fig.
1B). The yield of full-sized products decreased drastically
when the template was replaced with CAD mRNA prepared
by previous methods (Fig. 1, lane B4; 45) or when the
reaction conditions for reverse transcriptase were changed
in any of the following ways: use of reverse transcriptase as

supplied by the manufacturer without further purification
(Fig. 1, lane B2), reduction of the concentration of dNTPs to
0.2 mM each (Fig. 1, lane B3), or increase in magnesium ion
concentration.

Cloning and screening of CAD cDNA. We chose to con-
struct the CAD cDNA library by the cloning procedure
developed by Okayama and Berg (32), as this procedure
allows the cloning of entire reverse transcripts with in-
creased overall efficiency compared with that of the conven-
tional procedure (14).
The first cDNA strand was synthesized with dT-tailed

vector DNA (approximately 2.7 kb) as primer. The full-
length cDNA product of expected size (7.9 plus 2.7 kb; total,
10.6 kb) was produced to an appreciable extent (Fig. 1, lane
B5). Oligo(dC) tails were attached to the 3' ends of the
cDNA and vector DNA by the action of terminal

transferase, and the dC tail on the vector DNA terminus was
removed by cleavage at the unique HindIII restriction site
near that end. At this stage, the vector cDNA-mRNA
derivative was subjected to sucrose gradient centrifugation
to remove short DNA fragments. The ensuing fractions
enriched for large cDNA products were used for the subse-
quent steps as described by Okayama and Berg (32). The
recombinant plasmids formed were transfected into X1776 to
yield a library containing approximately 2,000 independent
transformants. This library was initially screened by colony
hybridization with a 32P-labeled probe from pCAD41, a

previously isolated plasmid carrying a 2.3-kb sequence com-
plementary to the 3' region of CAD mRNA (Fig. 2A). Of
1,000 colonies screened, about 200 gave positive signals,
among which a clone with an insert of 3.5 kb was found
(pCAD103; Fig. 2A). From this clone, a new 0.9-kb probe
complementary to a region further toward the 5' end of the
CAD mRNA (2.4 to 3.3 kb from the poly(A) tail) was
prepared and used for screening the library a second time.
About 300 of 10,000 screened colonies gave positive signals
to the pCAD103 probe. In the hope of directly selecting
clones that carry a full- or near-full-length CAD cDNA, a set
of replicas of the colonies was screened with a probe
prepared from p206, which contains a part of the genomic
CAD DNA, including sequences encoding the 5'-terminal
region of CAD mRNA (32). About 30 colonies gave weakly
positive signals to this probe, but none of these colonies
hybridized the labeled 0.9-kb probe derived from pCAD103.

Restriction map. Plasmid DNA was isolated from each
clone that responded positively to the pCAD103-derived
probe and was examined for the size and restriction pattern
of its insert. Wahl et al. (45) have previously indicated that
CAD cDNA has a HindIII site about 500 bp from the 3' end.
Because the cDNA sequence cloned by the Okayama and
Berg method extends from the poly(dT) tail abutting the
vector-primer DNA, all clones derived from CAD mRNA
should be cleaved by HindIII at a minimum of two sites, one
within the insert (Fig. 2A) and the other on the vector DNA
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FIG. 3. Northern blot of poly(A)' RNA from 165-28 cells probed
with cloned cDNA inserts. Poly(A)' RNA was electrophoresed on
a 1% agarose gel after glyoxylation, transferred to nitrocellulose (A)
or diazobenzyloxymethyl-paper (B), and hybridized with 32P-labeled
probes prepared as follows. (A) Segments of the cDNA insert in
pCAD142 as indicated by open boxes in Fig. 2A were excised,
purified by agarose gel electrophoresis, and labeled by nick transla-
tion. Lane 1, 0.3-kb Pvull-Smal fragment; lane 2, 0.5-kb Smnal-
PvulI fragment; lane 3, 1.2-kb PvuII-BgIII fragment. (B) The fol-
lowing plasmid DNA probes were generated by nick translation:
lane 1, pCAD103; lanes 2 and 3, plasmids 6 and 16, respectively,
selected by their hybridization to the p206-derived probe.

(Fig. 2B), to yield a pair of characteristic fragments. One
fragment is expected to have a fixed length of about 2.8 kb
(except for small variations in the dA-dT stretch), and the
other fragment will vary in size depending on the extent of
reverse transcription. A majority of the clones examined
gave such patterns, and 20 of the clones had inserts longer
than 3 kb. The longest insert obtained was 6.5 kb
(pCAD142). Figure 2 shows a restriction map of pCAD142
and other representative clones. Their restriction maps
overlap each other in a consistent manner as well as over-
lapping the map of the previously isolated clone pCAD41.
We also analyzed restriction maps of several clones that

hybridized to the p206-derived probe. These clones had
inserts ranging between 1 and 4 kb and showed various
cleavage patterns, none of which overlapped that of
pCAD142 (data not shown). These results raised doubts that
these clones were actually derived from CAD mRNA (see
below for further evidence).
Homology between cloned cDNA and CAD mRNA. To

confirm that the pCAD clones carry cDNA copies of CAD
mRNA, poly(A)' RNA from 165-28 cells was separated on
an agarose gel, transferred to nitrocellulose or diazobenzyl-
oxymethyl-paper, and hybridized with 3'P-labeled probes
derived from pCAD142 and pCAD1O3 (Fig. 2A). Combined,
these probes correspond to more than 90% of the 6.5-kb
cDNA on pCAD142. All the probes clearly hybridized to the
band of 7.9-kb CAD mRNA (Fig. 3, lanes Al through 3 and
Bi), suggesting that the 6.5-kb insert is complementary to
CAD mRNA over the entire length of the insert.
Although the restriction maps of clones screened with the

p206-derived probe show no overlap of the map of
pCAD142, it was possible that some of the clones were
carrying the 5' region of CAD mRNA not present in the
6.5-kb insert of pCAD142. To test this possibility, we
prepared probes from four such clones and performed
Northern blot analysis as described above;, These probes

hybridized to miscellaneous RNA components smaller than
and apparently unrelated to CAD mRNA. The results ob-
tained with two kinds of probes are shown in Fig. 3, lanes B2
and 3. These clones may represent RNA species which have
some homology with intervening or repetitive sequences
presumed to be present on p206 (35).
pCL plasmids. Recently, pCAD142 has been shown to

complement the defect of E. coli pyrB (ATCase-) mutants
(9), indicating that ATCase activity is encoded by a partial
CAD cDNA. Based on the sizes of proteolytic fragments (11,
16, 39) and amino acid composition ofCAD (8), only 1 to 1.2
kb of the 6.5-kb cDNA insert in pCAD142 should be neces-
sary to encode the ATCase domain of CAD. Because
evidence (9) strongly suggests that the ATCase domain is the
carboxyl-terminal domain of the CAD protein and is there-
fore encoded by the 3' region of the mRNA, we undertook
the deletion, by partial digestion with PvuII, of pieces of
cDNA from pCAD142 to create a series of plasmids having
variously sized cDNA fragments corresponding to the 3' end
of the mRNA. In addition, the pBR322 sequences from the
EcoRI site to the HindIII site (Fig. 2B) are thought to contain
a portion of the tet promoter (43) and were removed in these
constructions. The deleted segments were replaced by a lac
promoter-operator-initiation codon segment (lac-203), and
resultant plasmids were designated pCL. E. coli pyrB mu-
tants transformed with these plasmids were selected for

PCADI42
|9100 bp

,10

iEcoRI
iPvu II (partial)

I size selection

Linear fragments
Pvul 4500-7600bp

,2la T4 ligaselac 203
203 bp~

PvuII
(EcoRi) 4700 bp

43

3

FIG. 4. Construction of pCL10 and pCL5. Symbols: closed
boxes, simian virus 40 linker DNA; hatched box, lac-203 DNA;
open box, hamster CAD cDNA; line, pBR322 DNA; Ampr, ampicil-
lin resistance. Numbered restriction sites are PvuII sites; parenthe-
ses denote restriction sites destroyed in the constructions.

MOL. CELL. BIOL.



HAMSTER CAD cDNA CODES FOR ATCase DOMAIN 1739
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FIG. 5. Nucleotide sequencing strategy. Nucleotide sequence of

subcloned fragments corresponding to the indicated segments of
pCAD142 was determined by two methods. Solid lines indicate
Maxam and Gilbert (27) sequencing of fragments derived from
pCAD13 (35) or pCAD41. Dashed lines indicate fragments of
pCAD142 subcloned into M13 and sequenced by the dideoxy-
nucleotide method. PvuII sites are numbered from the 3' end of the
cDNA insert as in Fig. 2B.

ampicillin resistance and tested for the presence of the
lac-203 segment and uracil auxotrophy. Plasmid DNA was
isolated from several clones which contained the lac opera-
tor and were able to grow in the absence of uracil. Restric-
tion pattern analysis of plasmid DNA from such clones
showed CAD inserts ranging from 2.2 to 5.3-kb in size.
Plasmids representing the shortest and longest inserts found
were designated pCL5 and pCL10, respectively (Fig. 4).
pCL5 contains 2.2 kb of cDNA reaching from the 3' end of
the cDNA to the 5th PvuII site from that end; pCL10 has 5.3
kb of cDNA reaching from the 3' end to the 10th PvuII site
upstream. Both pCL5 and pCL10 are genetically active in
complementing the defect in the E. coli pyrB mutant.
There is a PvuII site located asymmetrically in the lac-203

segment, i.e., 17 bp from the 5' end and 186 bp from the 3'
end. This cleavage site allowed us to determine the orienta-
tion of the lac-203 segment with respect to the cDNA
sequence on the plasmid. PvuII digestion and restriction

hamster ACG ATC ACC ATG GTA GGT GAC CTG MG CAT GGG CGC ACA GTG CAC TCC CTG GCC
T rI' T V G D L K H G R T V H S L A
HLV AK 0 G R flUT.o_iJ A ATM V G C A TAT GT C A V H SLT T

E. coli CAC GTC GCA ATG GTT GGT GAC CTG AAM TAT GGT CGC ACC GTT CAC TCC CTG ACT

hamster TGC CTG CTC ACC
C L T
Q A LK,A

E. coli CAG GCG TTA GCT

hamster CGC ATG CCA CCT
R M P[P
L A M C

E. coli CTG GCA ATG CCG

____ -

CAG TAC
Q O
K F
MG TTC

CGT GTG AGC CTA CGC TAC GTG GCA CCT CCC AGC CTG
R V S L R VIV A P S L
D G N R F LJF I A [f.JD A

GAC GGC MC CGT TTT TAC TTC ATC GCG CCG GAC GCG

AGC GTG TGG GAC m GTG GCT TCC CGG GGC ACC AAA CAG GAG
S V W D F rY2 A S R G T K Q E
Q 0 I L D LMI L D E K G I A W
CM TAC ATT CTG GAT ATG CTC GAT GAA AMA GGG ATC GCA TGG

hamster GAG TTT GAG AGC ATT GAG GAG GCG CTG CCC GAC ACG GAC GTG CTC TAC ATG
E F E I E E A [1] P ?D2 T L O M
S L H LLSI I E E IV ,M, V LE, V ALWI L O MlI

E. coli AGT CTG CAC AGC TCT ATT GAA GAA GTG ATG GTG GAA GTA GAC ATC CTG TAC ATG

hamster ACT CGC ATC CAG AM GAG CGA TTT GGC TCC ACC CM GM TAC GAA GCT TGC TTT
|T Rl rI'IQ K E Rl F G s f Q E A C F
T RI K E RRI L D P IA N V KE. coli ACC CGC GTG CM AAA GAG CGT CTG GAC CCG TCC GAG TAC GCC MC GTG AAA

hamster GGT CAG TTC ATC CTC ACT CCC CAC ATC ATG ACC CGG GCC MG MG MG ATG GTG
rG' |Q F I T P H I MIT RIIA K IKK VA; Q V!U R A S D L,H N IA Kl A N K

E. coli GCG CAG T GTT CTT CGC GCC AGT GAT CTC CAC MC GCC AAA GCC MT ATG AAA

hamster GTG ATG CAT CCG ATG CCC CGA GTC MT GAG ATA AGC GTG GAG GTG GAC TCA GAC
V1.lM' H P rMR PRV FN) E I S V LV D S D
V,LJH P ,LJ P R V D E I A T K T

E. coli GTG CTG CAT CCG TTG CCG CGT GTT GAT GAG ATT GCG ACG GAT GTT GAT AM ACG

hamster CCC CGA GCA GCC TAC TTC CGC CM GCT GAG MC GGC ATG TAC ATC CGC ATG GCG
R A O F R Q A E N G O I m
AH W F Q G N G II F A Q

E. coli CCA CAC GCC TGG TAC TTC CAG CAG GCA GGC MC GGG ATT TUC GCT CGC CM GCG

hamster CTT CTT GCC ACC GTG CTA GGC CGT TTC TAG
FL L A TT|V GI¶ F
L L A L VL |N R D L V L

E. coli ATA CTG CT MT C GAT CTG GTA CTG TM
FIG. 6. Partial nucleotide sequence of pCAD142. Nucleotide sequence and deduced amino acid sequences from pCAD142 and sequences

determined for E. coli ATCase catalytic subunit (19) are aligned for maximum homology. Dashes above nucleotides indicate positions of
nucleotide identity between the sequences. Pairs of identical amino acids are enclosed by boxes with solid lines; pairs of amino acids with
similar properties appear in boxes with dashed lines.
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evenly distributed throughout the sequence (Fig. 7). Instead,
there are regions of high homology separated by regions with
no or low homology. In this reading frame, the UAG
termination codon is present precisely at the end of the
ATCase coding domain. Approximately 330 nucleotides of 3'
flanking sequence must separate the termination codon from
the end of the mRNA. Besides locating the ATCase domain
adjacent to the carboxyl end of the CAD protein, the
sequencing data allows speculation regarding the locations
of the other domains of the protein with respect to the cDNA
sequence of pCAD142 (Fig. 2B, bottom).

If the nucleotide sequence data and the amino acid se-
quence deduced from those data are correct, then deletions
at the 3' end of the cDNA in pCL5 should eliminate coding
information essential for synthesizing an active ATCase. To
test this prediction, a 354-bp HindIII-XbaI (a site located a
few nucleotides 5' of the BglII site shown in Fig. 5) fragment
was removed from pCL5. This removal should result in a

20 40 60 80 100 120 140 protein lacking the final 67 amino acids shown in Fig. 6.
POSITION When this deletion construct was transformed into pyrB

cells, bacterial clones carrying the plasmid were selected.
nology of deduced amino acid sequences for a portion However, none of these could grow in the absence of uracil.
'Case and E. cOli ATCase catalytic subunit. Homology 'the nucleotide sequence 3' to the HindII site of
:d as follows. Positions at which the amino acids in the Hence,
uences are identical have a value of 1, amino acids pCL5 and found to be homologous to the E. coli pyrB gene
roperties (leucine, isoleucine, valine, and methionine; does contain information critical to the synthesis of an active
,inine: Rlvcine and alanine; threonine and serine; ATCase.

aspartate, asparagine, glutamate, and glutamine) have a value of 0.5.
The sum of these values was determined for a window of 14 amino
acids and converted to a percentage after being divided by 14. The
percentage of homology was determined along the entire sequence
by moving the 14-amino-acid window one position at a time.

fragment size analysis by agarose gel electrophoresis of
pCL5 and pCL10 revealed that in each case, only one copy
of the lac-203 segment is present, and the 186-bp fragment of
the lac-203 segment is adjacent to the 5'-most PvuII site of
the cDNA fragment as diagrammed in Fig. 4 (data not
shown). Other plasmids with multiple copies of the lac-203
segment were observed, but in every case where a plasmid
could complement the pyrB mutant, at least one copy of the
lac-203 segment was in the proper orientation for transcrip-
tion of the CAD cDNA. Demonstration that the lac-203
segment had been inserted into pCL5 and pCL10 upstream
from and in the same orientation as the CAD cDNA insert is
consistent with its acting as the initiation site for the tran-
scription and translation of the CAD sequences in these
plasmids. Additional evidence comes from two facts. First,
although pCAD142 does complement E. coli pyrB mutants
(9), it does so only weakly; 3 days are required for large
colonies to appear on medium without uracil. However,
pyrB mutants containing pCL5 or pCL10 grow rapidly on
medium without uracil, with very large colonies seen after 16
h. Second, pCAD41 (45), which contains more cDNA than
pCL5 but lacks the lac-203 sequence, does not complement
E. coli pyrB (J. N. Davidson and L. A. Niswander, un-
published results).

Nucleotide sequencing of pCAD142. The results with pCL5
indicate that the genetic information coding for ATCase lies
near the 3' end of the cDNA. For this reason, the cDNA
region between PvuII sites 1 and 3 (Fig. 5) was sequenced.

Translating the nucleotide sequence into a polypeptide
sequence yields an open reading frame of 153 amino acids
(Fig. 6). Both the nucleotide and amino acid sequences align
well with the carboxyl half of the catalytic subunit of E. coli
ATCase. The overall nucleotide homology is 48%, while the
amino acid homology is 42%. However, the homology is not

DISCUSSION
By using improvements in the preparation of cDNA, we

have constructed a 6.5-kb cDNA complementary to the
Syrian hamster mRNA coding for the CAD protein. This
cDNA represents about 82% of the 7.9-kb CAD transcript.
Construction of such cDNA clones was made possible
primarily through the use of the cloning method of Okayama
and Berg (32). Compared with other cDNA cloning proce-
dures (14, 22), this method had two key features advanta-
geous to the generation of large cDNA inserts. First, diges-
tion with S1 nuclease is not needed. Second, the RNA
replacement reaction proceeds distributively rather than
processively over the length of the cDNA-mRNA hybrid.
This reaction facilitates the completion of second-strand
synthesis regardless of template length.

Preparation of mRNA and optimization of the reverse
transcription reaction may also have contributed to our
success in obtaining a much larger cDNA than the 2.3-kb
cDNA obtained previously (45). Isolation of CAD mRNA
with guanidinium thiocyanate (7) consistently gave far better
results than did the extraction method which employs
Nonidet P-40 for cell breakage and phenol for deproteiniza-
tion. A possible contributing factor to this difference may be
the extent of contamination with proteins bound to template
RNA molecules, which could inhibit the elongation of re-
verse transcripts. Some RNA-bound proteins cannot be
completely removed by phenol extraction alone, whereas
guanidinium thiocyanate is known to be extremely powerful
in denaturing proteins (7). Finally, the reverse transcription
reaction was improved by the presence of high concentra-
tions of dNTPs.

It would be interesting to compare the cDNA in pCAD142
to the Syrian hamster genomic sequence for CAD. Such a

comparison might show just how much of the 25-kb genomic
sequence is represented in this cDNA clone. However, the
genomic clones isolated by Padgett et al. (35) have not yet
been sufficiently characterized to allow significant conclu-
sions to be drawn from such experiments.
We have previously shown that the plasmid with 6.5 kb of
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CAD cDNA (pCAD142) can complement E. coli pyrB mu-
tants (9). By partial deletions of pCAD142 and the insertion
of a lac promoter-operator-initiation codon, the region es-
sential to complementing the bacteria defective in ATCase
has been narrowed to 2.2 kb of cDNA. The expression of
ATCase from such a small portion (28%) of the 7.9-kb
mRNA supports the notion that the ATCase domain is
encoded by a cassette of genetic information which is
independent of the information encoding the CPSase and
DHOase domains. Digestion of CAD protein with proteases
(11, 25) clearly demonstrated that this multifunctional pro-
tein is organized into independent functional domains, each
with a single enzyme activity. The experiments presented
here indicate that the organization of the CAD gene may
reflect the domain structure of the protein. We hypothesize
that each enzyme domain of CAD is encoded by a separate
cassette of genetic information in the gene. Such cassettes
may be capable of moving within the genome to form genes
encoding multidomain, multifunctional proteins and hence
represent a vital force in the evolutionary process. The one
cassette-one domain hypothesis is particularly plausible in
the case of CAD, which appears to have evolved from at
least three separate genes in bacteria via a stepwise genetic
fusion through a bifunctional fungal intermediate in which
CPSase and ATCase are fused (23, 46), to the trifunctional
situation seen in mammals and Drosophila melanogaster (6).
A possible fourth domain may be the allosteric regulatory
region which affects the CPSase activity.
Hoover et al. (19) have shown that the catalytic subunit of

the E. coli ATCase is encoded by about 1 kb of DNA. If the
hamster ATCase domain is homologous to the E. coli
enzyme, then even less than the 2.2 kb of cDNA in pCL5
should be required to code for active ATCase. In fact, recent
preliminary results (J. A. Maley, L. A. Niswander, A. M.
Flower, and J. N. Davidson, DNA 3:93, 1984) have shown
that less than 1,350 bp of hamster CAD cDNA is required to
complement an E. coli mutant defective in ATCase. Further-
more, the DNA sequencing presented here has identified a
region of hamster cDNA which shows strong homology to
the E. coli sequence coding for the catalytic subunit of
ATCase. As expected, when a portion of the sequenced
region was deleted, the modified hamster cDNA yielded no
active ATCase.
Two unexpected findings were made by comparing the

hamster and E. coli sequences. First, some regions show an
extremely high degree of homology; regions of such high
homology are probably crucial to the function of the en-
zyme. A recent report with E. coli has in fact shown that the
highest homology area shown in Fig. 6, where 13 of 14 amino
acids are identical between E. coli and hamster, is critical to
the binding of the substrate aspartate (37). Second, inter-
mingled with the regions of high homology are regions which
show almost no homology. One plausible explanation for
regions with such low homology is the difference in regula-
tion in the E. coli and hamster enzymes. The native form of
the bacterial ATCase is an aggregate of regulatory and
catalytic subunits, whereas the mammalian enzyme has no
analogous regulatory subunit. Therefore, the regions of the
E. coli catalytic subunit that are involved in communicating
the allosteric response from the regulatory subunit would
have no corresponding role in the hamster sequence and
would thereby display the least conservation in nucleotide or
amino acid sequence.

Finally, the pCL series of deletion plasmids, the DNA
sequencing, and the removal of the HindIII-XbaI fragment
from pCL5 have revealed that the DNA sequence coding for

the ATCase domain is located at the far 3' end of the gene,
in fact right up against the translation termination codon.
This position places this region within 330 bp of the 3' end of
the 7,900-bp CAD mRNA. When our previous data (9, 39)
are related to the findings for the CAD locus in Drosophila
melanogaster (15), the following order of enzyme domains is
deduced: NH2-DHOase-CPSase-ATCase-COOH. This or-
der has recently been confirmed in D. melanogaster by
Segraves et al. (42). Based on the active proteolytic frag-
ments of CAD (11, 16, 25, 39) and the amino acid composi-
tion of CAD (8), the proposed sizes of coding regions for the
CAD domains are 1.2 kb for DHOase, 3.3 kb for CPSase,
and 1 to 1.2 kb for ATCase. In addition, Rumsby et al. (39)
have estimated that the peptide bridge between the CPSase
and ATCase domains is at least 100 amino acids (or about 0.3
kb) and the bridge between the DHOase and CPSase do-
mains is smaller (perhaps no more than 0.2 kb). Therefore,
the total cDNA required to code for CAD (including 3'
nontranslated sequence) should be about 6.5 kb, which
means that pCAD142 with its 6.5-kb insert may contain the
entire coding sequence for this multifunctional protein.
Although the predicted organization of these coding blocks
is shown at the bottom of Fig. 2B, the validity of the
prediction awaits further experiments.
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