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Summary. Aspartate transcarbamoylase (ATCase, 
EC 2.1.3.2) is the first unique enzyme common to 
de novo pyrimidine biosynthesis and is involved in 
a variety of structural patterns in different organ- 
isms. In Escherichia coli, ATCase is a functionally 
independent, oligomeric enzyme; in hamster, it is 
part of a trifunctional protein complex, designated 
CAD, that includes the preceding and subsequent 
enzymes of the biosynthetic pathway (carbamoyl 
phosphate synthetase and dihydroorotase). The 
complete complementary DNA (cDNA) nucleotide 
sequence of the ATCase-encoding portion of the 
hamster CAD gene is reported here. A comparison 
of the deduced amino acid sequences of the hamster 
and E. coli catalytic peptides revealed an overall 
44% amino acid similarity, substantial conservation 
of predicted secondary structure, and complete con- 
servation of all the amino acids implicated in the 
active site of  the E. coli enzyme. These observations 
led to the construction of a functional hybrid ATC- 
ase formed by intragenic fusion based on the known 
tertiary structure of the bacterial enzyme. In this 
fusion, the amino terminal half (the "polar do- 
main") of the fusion protein was provided by a ham- 
ster ATCase cDNA subclone, and the carboxyl ter- 
minal portion (the "equatorial domain") was derived 
from a cloned p y r B I  operon of E. coli K-12. The 
recombinant plasmid bearing the hybrid ATCase 
was shown to satisfy growth requirements of trans- 
formed E. coli py rB-  cells. The functionality of this 
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E. coi l -hamster  hybrid enzyme confirms conser- 
vation of  essential structure-function relationships 
between evolutionarily distant and structurally di- 
vergent ATCases. 
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Introduction 

Aspartate t ranscarbamoylase  (carbamoylphos- 
phate: L-aspartate carbamoyl-transferase, ATCase, 
EC 2.1.3.2) is a ubiquitous enzyme of  pyrimidine 
biosynthesis and exists in a variety of  oligomeric 
aggregates and multifunctional enzyme complexes 
in various organisms (Fig. 1; for reviews, see Makoff 
and Radford 1978; Jones 1980; Keppler and Hol- 
stege 1982). The simplest organization is a nonregu- 
lated trimer (C3, 3 x 35,000-40,000 daltons) re- 
ported in Gram-positive bacteria (Bethell et al. 1968; 
Chang and Jones 1974; Brabson et al. 1985). 
The enteric bacteria possess a structurally complex, 
allosterically regulated enzyme containing two in- 
teractive catalytic trimers associated with three reg- 
ulatory dimers, 2(c3):3(r2) (Gerhart and Schachman 
1965; Wild et al. 1980; Foltermann et al. 1981, 1986). 
Pseudomonas  f luorescens contains both regulatory 
and catalytic ATCase functions on identical poly- 
peptide dimers (2 x 180,000 daltons) (Bethell and 
Jones 1969; Adair and Jones 1972), whereas plants 
appear to possess UMP-regulated trimers (Ong and 
Jackson 1972; Lovatt and Cheng 1984). Other eu- 
karyotic organisms express ATCases in multifunc- 
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Fig. 1. Schematic representation of 
the de novo pyrimidine biosynthetic 
pathway and comparison of the genet- 
ic organization of this pathway in rep- 
resentative species. Continuous lines 
indicate a multifunctional gene prod- 
uct where the corresponding enzymes 
are contiguous on a single polypeptide 
chain. CA-P: carbamoyl phosphate; 
CA-asp: carbamoyl aspartate; DHO: 
dihydroorotate; OA: orotate; OMP: 
orotidylate; UMP: uridylate; PR-PP: 
5-phosphoribosyl- 1-pyrophosphate. 

tional enzyme complexes. The fungi, yeast, and 
Neurospora have evolved bifunctional enzyme com- 
plexes ("CA," 800,000 daltons) containing both 
ATCase and carbamoyl  phosphate  synthetase 
(CPSase, EC 6.3.5.5), the preceding enzyme in the 
pathway (Lue and Kaplan 1969; William et al. 1970; 
Makoff and Radford 1978). Metazoa, including 
mammals, possess a UTP-regulated trifunctional 
enzyme complex ("CAD," 800,000-1,200,000 dal- 
tons) that includes ATCase, CPSase, and dihy- 
droorotase (DHOase, EC 3.5.2.3), the first three en- 
zymes in pyrimidine biosynthesis (Coleman et al. 
1977; Davidson and Patterson 1979). A number of  
hypotheses have been proposed to explain the pos- 
sible metabolic advantages to the evolution of  mul- 
tifunctional proteins, including substrate channeling 
(Jones 1980) and coordinate regulation (Stark 1977; 
Davidson and Patterson 1984). 

The E. colt holoenzyme is an allosterically reg- 
ulated dodecamer and its structure has been de- 
scribed in some detail (Monaco et al. 1978; Hon- 
zatko and Lipscomb 1982; Honzatko et al. 1982; 
Volz et al. 1986; Krause et al. 1987). Individual 
catalytic trimers are capable of  unregulated Mi- 
chaelian catalysis with its substrates, aspartate and 
carbamoyl phosphate (Gerhart and Schachman 
1965). The holoenzyme demonstrates cooperative 
binding ofaspartate, and it is allosterically inhibited 
by the ultimate end product of  the pathway, cyti- 
dine-5'-triphosphate (CTP). In addition, adenosine- 
5'-triphosphate (ATP) is an allosteric activator of  
catalysis (Bethell et al. 1968). Each active site is 
formed at the interface between adjacent catalytic 
polypeptides in the functional trimers (Honzatko 
and Lipscomb 1982; Volz et al. 1986; Krause et al. 
1987) and each catalytic polypeptide is structurally 
divided into an amino terminal "polar domain," 
implicated in binding carbamoyl phosphate, and a 
carboxy terminal "equatorial domain" primarily in- 
volved in aspartate binding (Honzatko et al. 1982). 

In hamster, a single polypeptide of  200-240 kilo- 

daltons (kd) provides the first three enzymatic steps 
of  pyrimidine biosynthesis: CPSase, ATCase, and 
DHOase (Fig. 1). The native protein aggregates are 
arranged as trimeric or hexameric complexes (Cole- 
man et al. 1977; Davidson and Patterson 1981). In 
the hamster enzyme, only the CPSase activity ap- 
pears to be allosterically regulated. Several studies, 
including proteolytic cleavage of  purified CAD pro- 
tein, have demonstrated that the CAD multifunc- 
tional complex is organized into three structurally 
and functionally distinct regions (Davidson et al. 
1981; Mally et al. 1981; Rumsby et al. 1984; Gray- 
son et al. 1985). In both Drosophila melanogaster 
and hamster it appears that the catalytic domains 
are linearly ordered with CPSase located at the ami- 
no terminus, DHOase in the central portion of  the 
polypeptide, and ATCase at the carboxy terminus 
(Freund and Jarry 1987; Carrey and Hardie 1988). 
Active hamster ATCase, produced by limited pro- 
teolytic cleavage of  CAD, has been shown to aggre- 
gate in trimeric subunits. In both intact and pro- 
teolytically cleaved CAD complexes, ATCase does 
not appear to be allosterically regulated (Grayson 
and Evans 1983). Structure-function relationships 
within the ATCase or other individual catalytic do- 
mains of  the CAD protein have not been deter- 
mined. 

An independent hamster ATCase superdomain 
has been produced in E. colt from a 3' segment of  
CAD complementary DNA (cDNA) (Davidson and 
Niswander 1983; Maley et al. 1984). This truncated 
cDNA construct contained approximately I000 bp 
of  the hamster coding sequence and produced a 
polypeptide similar in size to the E. colt ATCase 
catalytic polypeptide (Maley and Davidson 1988). 
The expressed hamster gene was able to satisfy py- 
rimidine auxotrophy in E. colt (Davidson and Nis- 
wander 1983). This paper details the sequence anal- 
ysis of  this gene and describes the genetic construction 
of an active hybrid enzyme formed from the fusion 
of  the polar domain of  the hamster enzyme and the 
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equatorial domain  o f  the E. coli ATCase.  The struc- 
ture-funct ion similarities between the two enzymes 
suggested by comparat ive  sequence analysis are ver- 
ified experimentally by this enzymatically active 
construction. Thus provides direct support  for the 
general argument  that functional structure similar- 
ities can be implied by deduced sequence similari- 
ties. 

Materials and Methods 

Plasmid Constructions. Plasmids encoding ATCases from both 
E. coli and hamster have been constructed as described elsewhere. 
pPBh 105-Ec contains an intact E. coli pyrBl operon (Roof et al. 
1982) and pAL4 contains a 1.35-kb portion ofa 6.5-kb hamster 
CAD eDNA (Davidson and Niswander 1983; Maley et al. 1984). 
A truncated eDNA plasmid construct containing approximately 
1000 bp of coding sequence was expressed from the lac promoter/ 
operator producing an active ATCase of approximately 40,000 
daltons (Maley and Davidson 1988). DNA restriction fragments 
containing hybrid ATCase genes were introduced into M 13 series 
vectors according to established procedures (Zinder and Boeke 
1982). 

CellStrains. All plasmids used in this study were transformed 
into HB101-4442, a pyrB- E. coli K-12 cell line produced by 
Mu-cts insertional activation (Casadaban and Cohen 1979) of 
pyrB (Foltermann et al. 1984). JM103 is an E. coli strain suitable 
for growth of single-stranded phage M 13 and its recombinants 
(Messing and Seeburg 1981). 

DNA Sequencing. The complete DNA sequence of the ham- 
ster CAD ATCase gene was determined from both DNA strands 
using dideoxynucleotide plasmid sequencing (Sanger et al. 1977; 
Chen and Seeburg 1985). A series of sequencing primers was 
synthesized with an Applied Biosystems Oligonucleotide Syn- 
thesizer using phosphoramidite chemistry. Appropriate primers 
were determined and prepared through successive stages of se- 
quencing in the TAES Oligonucleotide Services Facility. DNA 
sequencing of the chimeric ATCase was performed on M 13 phage 
recombinants (Zinder and Boeke 1982) also using dideoxynu- 
cleotide sequencing. 

Enzyme Characterization. Confirmation of the synthesis and 
determination of the apparent molecular weight of the pHEc270 
hybrid protein were achieved through polyacrylamide gel elec- 
trophoresis of radioactively labeled E. coli CSR603 maxicells 
(Sancar et al. 1979) transformed with pAL4 and pHEc270 and 
electrophoresed with appropriate size standards. The native mo- 
lecular weight of the hybrid enzyme was determined through 
Western blot analysis of fractions from a Sephadex G-200 gel 
filtration chromatography using rabbit polyclonal anti-E, coli 
ATCase. All enzymatic assays employed the techniques of Pres- 
cott and Jones (1969). Kinetic analyses were performed with 
saturating levels of carbamoylphosphate (4.8 mM) and varying 
aspartate. 

Results 

The complete hamster  ATCase  nucleotide and ami- 
no ,acid sequences are shown in Fig. 2. The first 
seven codons corresponded with the expected fl-ga- 
lactosidase amino terminus o f  the cloning vector  

(Silhavy et al. 1984) and the similarity with ATCase 
began after 36 amino acids designated the " C A D  
linker" (Fig. 2). When the hamster  sequence was 
aligned with other reported ATCase sequences (Fig. 
3), the deduced E. coli and hamster  ATCases se- 
quences had an overall 44% amino  acid similarity, 
equally distributed between the two domains  o f  the 
protein. Allowing for conservative substitutions, 
there was a similarity o f  65% between the two en- 
zymes. In contrast, there was only 34% positional 
similarity between the E. coli and Bacillus subtilis 
enzymes, 31% between the reported sequences for 
Drosophila and E. coli, and 45% between the ham-  
ster and Drosophila enzymes.  It should be noted that 
5-6 nucleotide changes (insertions or deletions) 
within the Drosophila sequence would significantly 
improve  the positional similarity with hamster  to 
over  60%. Even without  changes in the Drosophila 
sequence, there was 15% positional similarity be- 
tween the four enzymes. In the hamster  and B. sub- 
tilis enzymes, all 12 o f  the active site residues that 
have been directly implicated in E. coli in the bind- 
ing o f  the bisubstrate analogue N-phosphonacetyl -  
L-aspartate (Krause 1985; Volz et al. 1986; Krause 
et al. 1987) are conserved. The reported Drosophila 
sequence did not  contain 2 o f  the 12 active site 
residues; however,  a simple + 1 insertion/deletion 
would restore those residues (Table 1). The pre- 
dicted secondary structure for the hamster  ATCase  
is very similar to the actual E. coli catalytic mono-  
mer  secondary structure as determined by x-ray 
crystallography (Fig. 3). Using the C h o u - F a s m a n  
algorithm as modified by Nishikawa (1983), a sub- 
stantial port ion o f  the predicted secondary struc- 
tures in the hamster  enzyme was positionally con- 
served relative to the E. coli enzyme, particularly 
within the polar domain  o f  both  enzymes. In ad- 
dition, both o f  the enzymes were recognized by 
Western blots with polyclonal ant ibody against the 
E. coli ATCase holoenzyme (J.G. Major  and M.E. 
Wales, unpublished). 

A recombinant  plasmid, pHEc270,  was con- 
structed to form a hybrid cistron containing the pro- 
moter-proximal  half  o f  the hamster  c D N A  gene and 
the distal port ion o f  the E. coli gene. This construc- 
tion also included the pyr I  cistron that encodes the 
bacterial regulatory polypeptide. A conserved BstEII  
restriction endonuclease site (GGTGACC) ,  located 
near the E. coli sequence encoding G L Y 1 6 1 -  
ASP162, provided a convenient  site for the desired 
in-frame genetic fusion. A 1.5-kb restriction frag- 
ment  (PstI:BstEII) coding for the polar domain  o f  
the hamster  ATCase from pAL4 was ligated into a 
5.1-kb fragment of  pPBh 105 restricted with the same 
two enzymes (Fig. 4). The hybrid plasmid was trans- 
formed into t-IB 101-4442, a pyrB auxotroph o f  E. 
coli  and pyrB  +, ampicillin-resistant colonies were 
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{ - -  J 3 - G A L A C T O S I D A S E  . . . . . .  } { . . . . . . . . . . . . .  C A D  L I N K E R  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ACA GCT ATG ACC ATG ATT ACG GAT TeA CTG GTG GGG ACC CCC GAC GGT CCT GCT Ace CTG CAC CGC CGC CCT AGA 

Thr Met Ile Thr Asp Set Leu Val Gly Thr Pro Asp Gly Pro Ala Thr Leu His Arg Arg Pro Arg 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ) ( - - A T C A S E - - , *  
CAC r  TCA CCT CAG IL%.C CTG GGC TCT  TCT  GGC e T A  CTG CAC CCA CAQ ACT T e A  e e c  CTG CTC CAC TCC T T A  GTG 5 
Gln AJa Set Pro Gln ASh Leu Gly Ser Ser Gly Leu Leu His Pro Gln Thr Ser Pro Leu Leu His Ser Leu Val 

GGC CAA CAC ATe CTG TCT GTC AAG CAG TTC ACT AAG GAT CAG ATG TCT CAT CTG TTC AAC GTC GCG CAC ACA eTA 30 
Gly Gln His Ile Leu Set Val Lys Gin phe Thr Lys Asp Gin t~T Set His Leu Phe Ash Vad A1a His Thr Leu 

eGG ATG ATG GTG CAG AAA GAG eGG AGC CTT GAC ATe eTA ~G GGC AAC GTC ATG GCC TCC ATG TTC TAC GAG GTG 55 
Al-g MET t~T Val Gln Lys Glu Arg Ser Leu Asp Ile Leu Lys Gly Lys Val ~ A1a Ser RET Phe Tyr Glu val 

AGe Ace CGC Ace AGT AGC TCC TTT GCA GCA GCC ATG GCC eGG CTC GGG GGC GeT GTe CTC AGe TTT TeA GAA GCC 80 
Set Thr Arg Thr Ser Ser Ser Phe Ala AJa Ala t~T A1a Arg Leu Gly Gly Ala Val Leu Set phe Set Glu A1a 

ACG Tee Tee ~TC CAG RAG GGG GAA TCC CTT GCC GAC TCT GTG CAG Ace ATG AGT TCG TAC GeT GAT GTC GTT GTG 105 
Thr Ser Ser Val Gln Lys Gly Glu Set Leu Ala Asp Set Val Gln Thr ~T Ser Set Tyr Ala Asp Val Val Val 

CTC eGG CAC CCT CAG CCT GGA GCT GTG GAG CTG GCA GCC AAA CAC TGT CGC AGA CCA GTG ATC AAT GeT GGG GAT 130 
Leu Arg His Pro Gln Pro G1y Ala Val Glu Leu Ala Ala Lys Hi3 Cys Arg Arg pro Val lie ASh Ala Gly Asp 

GGA GTC GGA GAG CAC CCT ACT CAG GCC CTG CTG GAC ATe TTC ACT ATC eGG GAA GAG CTG GGG ACT GTC AAT GGC 155 
Gly Val Gly Glu His Pro Thr Gln Ala Leu Leu Asp lle phe Thr Ile Arg Glu Glu Leu Gly Thr Val ASh Gly 

ATG ACG ATe Ace ATG GTA GGT GAC CTG AAG CAT GGG CGC ACA GTG CAC TCC CTG GCC TGC CTG CTC Ace CAG TAC 180 
P~T Thr Ile Thr t~T Val G1y Asp Leu Lys His Gly Arg Thr Val His Set Leu A1a Cys Leu Leu Thr Gln ryr 

CGT GTG AGC eTA CGC TAC GTG GCA CCT cce AGC CTG CGC ATG CCA CCT AGC GTG TGG GAC TTT GTG GCT TCC CGG 205 
A~g Val Ser Leu Arg Tyr Val AJa Pro Pro Ser Leu Arg MeC Pro Pro 3er Val Trp Asp Phe Val A1a Ser Arg 

GGC Ace AAA CAG GAG GAG TTT GAG AGe ATT GAG GAG GCG CTG ecc GAC ACG GAC GTG CTC TAC ATG ACT CGC ATe 230 
Gly Thr Lys Gln Glu GIu Phe Glu Set Ile Glu Glu Ala Leu Pro Asp Thr Asp val Leu ~r PET Thr Arg Ile 

CAG AAA GAG CGA TTT GGC TCC ACC CAG GAA TAC GAA GCT TGC TTT GGT CAG TTC ATe CT~ ACT CCC CAC ATe ATG 255 
Gln Lys Glu Aig Phe Gly Set Thr Gln Glu Tyr Glu Ala Cys Phe Gly Gln Phe Ile Leu Thr Pro His Ile 

ACC CGG GCC AAG AAG AAG ATG GTG GTG ATG CAT CCG ATG CCC CGA GTC AAT GAG ATA AGe GTG GAG GTG GAC TeA 280 
Thr Arg A1a Lys Lys Lys ~ Val Val t~T His Pro PET Pro Arg Val Ash Glu Ile Set Val Glu Val Asp Set 

GAC CCC CGA GCA Gee TAC TTC CGC CAA GeT GAG AAC GGC ATG TAC ATe CGC ATG GCG CTT CTT GCC Ace GTG CTA 305 
Asp Pro Arg Ala A1a Tyr Phe Arg Gln Ala GIu A3n Gly t~T Tyr Ile Arg ~T Ala Leu Leu A1a rhr val Leu 

GGC CGT TTC TAG Gee AGC CTC CTG CTG GCC TGG TCT 
Gly Arg Phe 

Fig. 2. Nucleotide sequence of  the hamster CAD ATCase domain and the predicted primary structure of the protein deduced from 
the DNA sequence of the eDNA. The numbering of  the hamster ATCase sequence was based upon similarity alignment with the 
amino acid sequence of  the catalytic subunit of E. coli ATCase (Hoover et al. 1983). With this alignment, the hamster  ATCase coding 
region was comprised of 308 amino acids as compared with 310 amino acids for E. coli ATCase. The hamster ATCase protein 
included 7 amino acids of  vector-encoded B-galactosidase (Silhavy et al. 1984) as well as 36 amino acids with no similarity to E. 
coli ATCase. This was presumed to be part of a protein linker bridging the ATCase domain to the rest of the CAD protein (Rumsby 
et al. 1984). The standard three-letter amino acid code was used with all sequences. 

Table 1. Conservation of  PALA binding residues between E. coli, hamster  CAD, Drosophila, and B. subtilis ATCase sequences 

E. coli Function Hamster D r o s o p h i l a  Bacillus 

Set 52 
Thr  53 
Arg 54 
Thr  55 
Ser 80 
Lys 84 

Arg 105 

His 134 
Arg 167 
Arg 229 
Gin 231 
Leu 267 

H bond to phosphonate Set 56 Set 56 Ser 46 
H bond to phosphonate Thr  57 Thr  57 Thr  47 
Salt link to phosphonate; H bond to phosphonate Arg 58 Arg 58 Arg 48 
H bond to phosphonate; H bond to carbonyl of  peptide bond Thr  59 Thr  59 Thr  49 
H bond to phosphonate Ser 82 Ser 82 Ser 73 
H bond to phosphanate; H bond to a-carboxylate; Lys 86 Lys 86 Lys 76 

H bond to/~-carboxylate 
Salt link to phosphonate; H bond to a-carboxylate; Arg 107 Arg 107 Arg 98 

H bond to carbonyl of  peptide bond 
H bond to carbonyl of peptide bond His 135 His 133 His 126 
H bond to a-carboxylate; H bond to/~-carboxylate Arg 168 Arg 164 Arg 159 
H bond to/~-carboxylate Arg 229 --" Arg 210 
H bond to B-carboxylate Gin 231 --" Gin 212 
H bond to carbamyl nitrogen Met 268 Ile 266 Ala 249 

Residues implicated in substrate binding in E. coil ATCase (Krause 1985; Volz et al. 1986; Krause et al. 1987) are identified on the 
left. Proposed principal functions of the residues are listed in the center. Corresponding residues in the other sequences are indicated 
on the right 
a Corresponding active site residues are missing from the reported Drosophila sequence of Freund and Jarry (! 987). However, a careful 

examination of the nucleotide sequence (see text) reveals that a deletion of the first T of the CYS216 codon and subsequent insertion 
of an A immediately after the SER229 codon establishes seven new amino acid residue homologies to the E.coli sequence. Most 
importantly, this insertion/deletion creates both previously missing active site residues, arginine and glutamine, at amino acid 
positions 27 and 229, respectively, in the adjusted Drosophila sequence 
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Fig, 4. /~brmation of pHEc270 containing a chimeric ATCase 
gene. Plasmid pPBhl05 contains the intact pyrBI operon of E. 
coil (Roof et at. t982). Plasmid pA[A contains the productive 
cDNA clone of the 3'-fragment of the CAD mRNA that produces 
a functional ATCase under lac control (Maley and Davidson 
1988). Both plasmids were restricted with BstEI1 and PstI and 
retigated to ibrm pHEc270 with chimeric ATCase under lac con- 
trol. 

Fig. 3. Amino acid sequence similarity between E. coli catalytic 
(Hoover et al. 1983), hamster CAD, D. melanogaster (Freund 
and Jar~ 1987) and B. subti#s (Lerner and Switzer 1986) ATCases, 
and seconda~' sm~cture comparison between E. cofi and hamster 
ATCases~ The alignment of E. colt and B, sub~ilis sequences was 
according to l~rner and Switzer (1986). The alignment of E. colt 
and D. rnelanogaster was atx~ording to Freund and Jarry (I987). 
The numbering of amino acids was based on the E. colt catalytic 
subunit sequence starting from the N-terminal alanine of the 
mature protein. Boxes indicate conservation ofidemical residues 
The one-letter amino acid code is as follows: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, I~u; M, 
Met: N, Ash; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; Y, Tyr. 

Reported secondary structure of the E. ct/i catalytic subanit 
(Honzatko et al. 1982) and Chou-lZasman prediction [Chou and 
Fasman (1974) as modified by Nishikawa (1983)] of the hamster 
CAD ATCase secondaJ2v strneture are indicated immediately be~ 
low the respective sequences using the following symbols: '-, 
alpha helix; >~ beta sheet; - -,  random coil Amino acid residues 
common to all four sequences are in bold letters. Underlined 
residues indicate similarity to the respective amino acids within 
the E. c~)ti sequence 

sc reened  for  p r o p e r  p l a s m i d  size a n d  c h a r a c t e r i z e d  
b y  a p p r o p r i a t e  r e s t r i c t i on  e n d o n u c l e a s e  d ige s t i on  
fo l lowing  r a p i d  p l a s m i d  i so l a t i on .  D N A  s e q u e n c i n g  
t h r o u g h  the  gene  fus ion  j u n c t i o n  (da ta  n o t  s h o w n )  
ve r i f i ed  t ha t  t h e  h y b r i d  p r o t e i n  r e s u l t e d  f r o m  an  in-  
f i ' ame fus ion  b e t w e e n  G L Y 1 6 1  a n d  A S P 1 6 2 .  In  o r -  
d e r  to  c o n f i r m  the  p r o d u c t i o n  a n d  rno l ecu t a r  we igh t  
o f  the  c h i m e r i c  p o l y p e p t i d e ,  E. colt m a x i c e l l s  (San-  
ca r  et  al. 1979) were  t r a n s f o r m e d  wi th  p A L 4  a n d  
p H E c 2 7 0 .  3 5 S - m e t h i o n i n e - l a b e l e d  p r o t e i n s  w e r e  
s e p a r a t e d  b y  e l e c t r o p h o r e s i s  u n d e r  d e n a t u r i n g  con -  
d i t i o n  on  a 6% S D S ~ a c r y l a m i d e  gel. T h e  p l a s m i d -  
b o r n e  gene  p r o d u c e d  a p o l y p e p t i d e  o f  a p p r o x i -  
m a t e l y  40 k d  (Fig. 5), c o n s i s t e n t  w i th  t he  e x p e c t e d  
m o l e c u l a r  we igh t  t~r  t he  h y b r i d  e n z y m e .  

Escherichia colt H B  I 0 1 - 4 4 4 2 ,  a pyrB  a u x o t r o p h ,  
was  t r a n s f o r m e d  wi th  p H E c 2 7 0  a n d  g rew s lowly  o n  
m i n i m a l  m e d i u m  p la t e s  w i t h o u t  p y r i m i d i n e  sup-  
p l e m e n t .  U n d e r  s i m i l a r  c o n d i t i o n s ,  w i t h o u t  
p H E c 2 7 0 ,  H B 1 0 1 - 4 4 4 2  cel ls  d i d  n o t  s h o w  growth .  
T h e  or ig ina l  a n d  r e i s o l a t e d  p l a s m i d s  were  t r ans -  
f o r m e d  r e p e a t e d l y  in to  c o m p e t e n t  pyrB  a u x o t r o p h s  
a n d  s h o w n  to p r o v i d e  the  e s sen t i a l  A T C a s e  a c t i v i t y  
as  d e s c r i b e d .  T h e  e n z y m e  was  l ab i l e  u p o n  i s o l a t i o n  
t ) o m  ce l l - f ree  ex t r ac t s  and  a c t i v i t y  d e c r e a s e d  o v e r  
2 - 3  days .  T h e  ca t a ly t i c  a c t i v i t y  was  n o t  p r o t e c t e d  



by buffers containing serine protease inhibitors, such 
as phenylmethylsull~nyl fluoride, substrates, 20% 
glycerol, or dimethylsulfoxide. Other unsuccessful 
stabilizing procedures included gentler cell lysis pro- 
tocols (Felix 1982) and expression in protease-de- 
ficient host strains (Chung and Goldberg 198 I; Si- 
mon et al, 1983). The chimeric enzyme aggregated 
to molecular weights of 100,000-250,000 daltons, 
as demonstrated by Western blot analysis following 
Sephadex G-200 column chromatography. These 
molecular weight sizes are consistent with trimeric 
(C3 = 120,000 daltons) and hexameric (C6 = 240,000) 
aggregation. The hybrid demonstrated a K,,~ for as- 
partate within the range (2-10 mM) of  the parental 
enzymes (data not shown). Even though the pHEc270 
plasmid construction included the regulatory cistron 
of E. coli, the chimeric ATCase was not affected by 
millimolar concentrations of  nucleotide efl~ctors, 
UTP, CTP, or ATP, nor did it appear to associate 
with the regulatow subunit, as indicated by failure 
of the hybrid enzyme aggregates to cross-react with 
polyclonal antisera specific for the E. coli regulatory 
subunit (data not shown). 

Discussion 

A comparison of E. coli and hamster ATCases has 
proven valuable in probing the structure-Amction 
similarities within evolutionarily divergent bacte- 
rial and hamster enzyme complexes. The two en- 
zymes are functionally similar and both can satist}r 
pyrimidine auxotrophy in either prokaryotic or eu- 
karyotic cell lines (Davidson and Niswander 1983; 
Ruiz and Wahl 1986). Despite wide divergence of  
quaternary structure and regulatory characteristics, 
the basic catalytic trimer motif  is conserved :in both 
enzymes. In addition, both active ATCase catalytic 
trimers have similar Stokes radii, sedimentation 
coefficients (Evans 1986), and cross-react with anti- 
sera to E. coli ATCase holoenzyme (M.E. Wales and 
J.R. Wild, unpublished). A primary sequence anal- 
ysis of hamster and E. coli ATCases (Fig. 3) revealed 
similar coding regions of  308 and 310 amino acids, 
respectively. A partial sequence comprising residues 
165-308 was reported earlier by Shigesada et aI. 
(1985). The complete sequence reported here pos- 
sesses some third base difl~rences from this earlier 
sequence but shows no difference in deduced amino 
acid sequence for this region. The hamster protein 
possessed 44% overall amino acid positional simi- 
larity and 65% functionN similarity with the E. coli 
sequence. A comparison of ATCases from E. coil, 
B. subtilis, D. melanogaster, and hamster revealed 
that the hamster appeared to be the most similar to 
the E. coli ATCase catalytic polypeptide sequence 
(44%) and most dissimilar to the B. subtilis enzyme 
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Fig. 5. Autoradiography of ~S-methionine-labeled maxieells 
containing ptasmid constructions Labeled prmeins were sepa- 
rated by electrophoresls under denaturing conditions on a 6% 
SDS-acrytamide gcL The contents of each lane are indicated on 
the figure. A lower band migrating below the heavy band in ~he 
first two lanes is the bta gene product or {~4actamase with a 
molecular weight of 28,000 dalmns. The locations of unlabeled 
molecular weight markers are indicated on the figure. 

(31%). The widespread conservation of  the 12 active 
site residues in E. coil B~ subtilis, and hamster but 
absence of corresponding residues ARG229 and 
GLN231 in Drosophila promNed us m examine the 
Dros<phita sequence more closely. I f  the reported 
nucleotide sequence is adjusted with a single base 
insertion/deletion sm'rounding the region CYS216- 
SER229, both active site residues at positions 
ARG227 and GLN229 within the Drosophila se- 
quence would appear and five additional similarities 
would be created in this region. Indeed, a very small 
number of insertions/deletions within the Drosoph- 
~Ta sequence could bring the similarity with hamster 
to over 60%, instead of the present similarity of 
45%. These corrections may be appropriate and 
would seem logical when considering the compar- 
atively short, evolutionary period separating ham- 
ster and Drosophila, relative to the longer diver~ 
gence t ime from a bacterial progenitor.  The 
significant amount of  primaw structure and active 
site residue similarity between hamster and E. coli 
enzymes was accompanied by substantial conser- 
vation of predicted secondary structure, particularly 
within the polar domain of both e:nzymes. When 
considered -with cross-reactivity of hamster ATCase 
with anti-E, coli ATCase antisera, these data argue 
for substantial conservation of ATCase structure and 
function. 
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In order to verify the actual significance of  these 
conservations, a hybrid enzyme was constructed by 
an intragenic fusion that successfully united the po- 
lar domain (amino acids 1-162) of the hamster en- 
zyme to the equatorial domain (amino acids 163- 
310) of the E. coli enzyme. This hybrid enzyme 
proved difficult to recover in a stable, enzymatically 
active form from cell-free extracts and there may 
be a number of contributing factors. The native E. 
coli enzyme is relatively stable in cell-free extracts; 
however, the pAL4 hamster ATCase (the catalytic 
superdomain produced from the CAD cDNA) is 
much more labile (J.G. Major and J.R. Wild, un- 
published). This has also been reported for hamster 
ATCase superdomains enzymatically released from 
CAD protein (Grayson and Evans 1983). To limit 
possible proteolysis within cell free extracts, pro- 
tease inhibitors were included; however, the stabil- 
ity of the protein was not dramatically improved. 
Other potential problems might involve the loss of  
some important amino acid interactions between 
the polar and equatorial domains in the hybrid for- 
mation. Therefore, the cell disruption and process- 
ing of the cell-free extract might have been too harsh 
for a structurally weakened hybrid enzyme and re- 
suited in substantial loss of activity. Instabilities 
with artificially created fusion proteins have been 
observed with other proteins, such as ~3-galactosi- 
dase, amino-transferases, or tryptophan synthase 
fusions (Kania and Mueller-Hill 1980; Swamy and 
Goldberg 1981). 

Although it was not possible to thoroughly ana- 
lyze the hybrid kinetically in purified enzyme prep- 
arations, substrate saturation studies indicated that 
the hybrid enzyme exhibited a Km for aspartate 
within the range of the parental E. coli catalytic 
trimer and hamster trimeric ATCases. Because the 
active hybrid enzyme must be able to bind carba- 
moyl phosphate for catalysis, the E. coli and the 
hamster ATCases must have functionally similar 
structural domains. Evans and coworkers (Evans 
1986) have shown that extensive proteolytic diges- 
tion of the 40-kd CAD fragment containing active 
ATCase produced distinct 29-kd and 11-kd protein 
subspecies that were inactive. Similar work in pro- 
gress with the pAL4 and E. coli ATCases in our 
laboratory has also indicated the presence of  dis- 
crete, similarly sized domains within both enzymes. 
The hybrid catalytic species did not appear to as- 
sociate with the bacterial regulatory subunit and ex- 
hibited native molecular weight species 100,000- 
250,000 daltons that suggested trimeric and hex- 
americ aggregates of catalytic protomers. These 
structures are more reminiscent of the type of  ag- 
gregation patterns found in the hamster enzyme than 
its bacterial counterpart. The amino terminal half 

of the hamster ATCase including the linker region 
connecting the ATCase to the rest of CAD has been 
implicated in the novel oligomerization of the CAD 
protein (Davidson and Patterson 1979; Davidson 
et al. 1979) and the hybrid ATCase aggregation pat- 
tern observed in these studies supports that conten- 
tion. The successful formation of the hamster-bac- 
terial fusion ATCase verified the structural and 
functional conservation of ATCase catalytic do- 
mains between extremely divergent, isofunctional 
enzymes. 

Many other hybrid proteins have been formed 
utilizing fusions with /3-galactosidase or alkaline 
phosphatase and have supported the concept that 
diverse domains may fold independently to form 
functional proteins (Kania and Mueller-Hill 1980; 
Hoffman and Wright 1985). All of these observa- 
tions are consistent with the concept of  modular 
protein evolution in which genetic cassettes corre- 
sponding to functionally discrete protein domains 
could randomly assort to provide new hybrid and 
perhaps functional proteins (Gilbert et al. 1986). 
Support for this concept of  interchangeable genetic 
modules has been extended by the observations that 
exons often code for structurally and/or functionally 
distinct domains or secondary structural units 
(Rashin 1981; Blake 1983; Traut 1986). The on- 
going sequencing of  the human CAD gene has re- 
vealed a number of introns within the portion of 
the CAD sequence encoding the ATCase superdo- 
main; none of  the introns has interrupted the coding 
sequences of the highly conserved, secondary, and 
supersecondary structural units of the protein (J.N. 
Davidson, unpublished). Recent studies in our lab- 
oratory have succeeded in forming intragenic fu- 
sions between other diverged ATCases or ornithine 
transcarbamoylase catalytic domains to form func- 
tional hybrid bacterial ATCases (Houghton 1986; 
Kedzie 1987). In addition, studies in other labora- 
tories have resulted in the formation of hybrid en- 
zymes in various bacterial tryptophan synthases 
(Schneider et al. 1981) as well as yeast and human 
glycerol kinases (Mas et al. 1986). The research re- 
ported in this paper demonstrates a much more dra- 
matic evolutionary conservation of  structural and 
catalytic components within a superdomain of a 
mammalian multifunctional protein and a bacterial 
counterpart. Future research along this line may help 
to elucidate functional consequences of  specific re- 
gions of sequence divergence and similarity. 
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