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ABSTRACT We have used functional complementation of
Escherichis coli pur mutants to clone avian cDNA encoding
5-aminoimidazole ribonucleotide (AIR) carboxylase-5-ami-
noimidazole-4-N-succinocarboxamide ribonucleotide (SAICAR)
synthetase, the bifunctional enzyme catalyzing steps 6 and 7 in
the pathway for de novo purine nucleotide synthesis. Mutational
analyses have been used to establish the structure-function
relationship: NH_-SAICAR synthetase-AIR carboxylase-
COOH. The amino acid sequence of the SAICAR synthetase
domain is homologous to that of bacterial purC-encoded en-
zymes, and the sequence of the following AIR carboxylase
domain is homologous to that of bacterial purE-encoded en-
zymes. In E. coli, AIR carboxylase is the product ofgenespurEK
with the purK subunit postulated to have a role in CO2 binding.
The avian enzyme lacks sequences corresponding to purK yet
functions in E. coli. Functional complementation of E. colipur
mutants can be used to clone additional avian cDNAs for de novo
purine nucleotide synthesis.

Within the past several years many of the genes for de novo
purine nucleotide synthesis have been cloned from bacteria
(1-5). This work has provided insights into regulation of de
novo purine nucleotide synthesis in Escherichia coli (6) and
Bacillus subtilis (7) as well as providing improved sources for
enzyme isolation. Corresponding studies with higher eukary-
otes have lagged, although the Drosophila melanogaster Gart
locus was cloned by complementation ofa yeast mutation (8).
Given the importance of purine nucleotides for RNA and
DNA synthesis and energy metabolism plus the demonstra-
tion that defects in purine salvage lead to human disease (9),
we have searched for methods to isolate cDNAs for de novo
purine nucleotide synthesis from animals. Avian cDNA li-
braries would appear to be advantageous owing to the fact
that birds use the de novo pathway for both biosynthesis and
for excretion of nitrogen as uric acid.
We have found recently (unpublished data) that screening

of an avian cDNA library by functional complementation of
E. coli pur mutants affords one method to obtain several
cDNAs for de novo purine nucleotide synthesis. Using this
approach, we have isolated cDNAs that encode seven of the
nine enzymes for synthesis of IMP (Fig. 1). These enzymes
include the trifunctional glycinamide ribonucleotide (GAR)
synthetase-AIR synthetase-GAR transformylase (corre-
sponding to E. coli purDMN; J. Aimi, J. Williams, J.E.D.,
and H.Z., unpublished data), adenylosuccinate lyase (E. coli
purB) (26), and AICAR transformylase-IMP cyclohydrolase
(E. coli purH; L. Ni, J.E.D., and H.Z., unpublished data).
Here we report the cloning of chicken liver AIR carboxylase-
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FIG. 1. Pathway for de novo purine nucleotide biosynthesis. E.

coli pur genes are identified by letters. Substrates and products
enclosed in boxes are discussed in the text. P-Rib-PP, 5-phos-
phoribosyl 1-pyrophosphate; AICR, 5-amino-4-imidazolecar-
boxylate ribonucleotide; AIR, 5-aminoimidazole ribonucleotide;
SAICAR, 5-aminoimidazole-4-N-succinocarboxamide ribonucle-
otide.

SAICAR synthetase by functional complementation of E.
colipur mutants and a structure-function characterization for
this bifunctional enzyme. We show that the chicken liver
cDNA encodes a 426-amino acid enzyme that is similar to a
bacterial PurC-PurE fusion protein in which the SAICAR
synthetase domain (PurC) corresponds to amino acids 1 to
-258, and residues 260-426 encode a PurE-like AIR carbox-
ylase function. Surprisingly, the avian enzyme lacks com-
pletely a PurK-like AIR carboxylase domain or subunit.
Thus, the chicken AIR carboxylase is fundamentally differ-
ent from the bacterial purEK-encoded heterodimer, and the
role of the bacterial purK-encoded subunit is called into
question.

MATERIALS AND METHODS
Bacteria, Plasmids, and Growth Conditions. E. coli strains

TX209 (Alac purK), NK6051 (A[gpt-lac]S purE79::TnJO
relAl spoTI thi-J), and NK6056 (A[gpt-lac]S purC::TnJO
relAl spoTl thi-J) were used to screen a chicken liver cDNA
library. Bacteria were grown in minimal medium (1) contain-
ing 0.1% acid-hydrolyzed casein and 0.2 ,ug ofthiamin per ml.
Adenine (50 ,ug/ml) was added as a purine supplement as
required. In vivo excision and recircularization of recombi-
nant pBluescript plasmids from a AZAP chicken liver cDNA

Abbreviations: GAR, glycinamide ribonucleotide; AIR, 5-ami-
noimidazole ribonucleotide; SAICAR, 5-aminoimidazole-4-N-suc-
cinocarboxamide ribonucleotide.
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library (Stratagene) was carried out as described (10). Strains
harboring pBluescript plasmids were grown in medium con-
taining 100 Aug of ampicillin per ml. Plasmid pT7-7 was used
to determine the molecular mass of the cDNA-encoded
enzyme in E. coli (11).
RNA Methods. RNA was extracted (12) from frozen

chicken liver and subjected to one cycle of oligo(dT)-
cellulose chromatography (13). For RNA blot-hybridization
(Northern) analysis, RNA was fractionated by electrophore-
sis on a 1.0% agarose gel containing formaldehyde (14),
transferred to nitrocellulose, and probed with 32P-labeled
single-stranded DNA. Primer extension mapping (14) with
three oligonucleotides that hybridized to mRNA nucleotides
72-90 (probe 1), 145-173 (probe 2), and 269-298 (probe 3)
numbered as in Fig. 3 was used to determine the mRNA 5'
end. A sequence corresponding to the 5' end of the AIR
carboxylase-SAICAR synthetase mRNA was amplified by
using the polymerase chain reaction (PCR; ref. 15) and cloned
(16) as follows. The 173-nucleotide cDNA synthesized by
primer extension of probe 2 was isolated by electroelution
from a 6% polyacrylamide sequencing gel and tailed with
poly(A) using dATP and terminal deoxynucleotidyltrans-
ferase. Second-strand synthesis was carried out with a (dT)17
primer-adaptor (14, 16). Finally, the double-stranded cDNA
product was amplified by the PCR technique using the
adaptor of the (dT)17 primer-adaptor and an internal primer,
probe 4, corresponding to nucleotides 150-166 attached to a
10-nucleotide EcoRI adaptor to facilitate cloning. The am-
plified DNA fragments were digested with Xho I and EcoRI,
and the 185-base-pair (bp) product was purified by polyacryl-
amide gel electrophoresis and ligated into the Sal I and EcoRI
sites of pUC118 and pUC119 for nucleotide sequencing.
DNA Sequencing. Overlapping deletions were constructed

by the unidirectional exonuclease III procedure (17). DNA
sequencing was by the dideoxynucleotide chain-termination
method (18) using Sequenase (United States Biochemical).
The entire sequence was determined on both DNA strands
from overlapping clones.

Mutations. Oligonucleotide-directed mutagenesis was by
the method of Kunkel et al. (19); 3' deletions were con-
structed by removal of specific restriction fragments.

RESULTS
Isolation of cDNA Clones for de novo Purine Nucleotide

Synthesis by Functional Complementation of E. coli Mutants.
A chicken liver cDNA library constructed in a phage AZAP
vector was converted into a plasmid expression library by in
vivo excision (10). This plasmid expression library was
screened for cDNAs encoding enzymes of de novo purine
nucleotide biosynthesis by complementation of a number of
E. coli pur mutants. A plasmid encoding chicken AIR car-
boxylase-SAICAR synthetase was initially isolated by func-
tional complementation of E. colipurK mutant TX209. In E.
coli the two AIR carboxylase subunits are encoded by genes
purEK (3). Approximately 104 transformed cells were spread
on each of six Petri plates containing selective medium
lacking a source of purines. Two colonies were obtained.
Plasmid DNA isolated from these colonies was identical.
Each plasmid contained an insert of =2.3 kilobases (kb) that
was cleaved at an internal EcoRI site to yield fragments of
0.87 and 1.4 kb. The plasmid, designated pZD1, retrans-
formed strain TX209, as well as strains NK6056(purC) and
NK6051(purE) to Pur+ at high efficiency (104-105 transfor-
mants per ,ug of DNA) but did not transform purB or purM
mutants to Pur+. Gene purC encodes SAICAR synthetase.
Nucleotide sequence analysis, described below, established
that plasmid pZD1 contains a 2.3-kb fragment of chicken
"purCKE" cDNA.

Analysis ofAIR Carboxylase-AICAR SynthetaseRNA and
Cloning of the mRNA S' End. A blot of poly(A)+ RNA
indicated a single message of approximately 2.6 kb (Fig. 2A).
This suggested that the 2.3-kb insert, although capable of
complementingpur mutants, was most likely not a full-length
clone. The 5' end of the poly(A)+ RNA was mapped by
primer extension with reverse transcriptase and three oligo-
nucleotides designated probes 1-3. Primer extension map-
ping with probe 2 gave a cDNA of 173 nucleotides (Fig. 2B).
Probes 1 and 3 gave cDNAs of =90 and z298 nucleotides,
respectively (not shown). The three primer extension reac-
tions define a single 5' end 69 bp upstream of the first
nucleotide in the pZD1 insert.
To clone the 5' end ofmRNA, the cDNA resulting from the

primer extension with probe 2 was amplified by the PCR and
cloned into pUC118 as described. The inserts from four
transformants contained an identical 166-bp 5' segment of
purCKE cDNA flanked by the Xho I adaptor-oligo(dT)
primer at the 5' end and EcoRI adaptor at the 3' end. This
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FIG. 2. RNA analysis. (A) Northern blot of chicken liver RNA.
After electrophoresis a nitrocellulose membrane containing 5 ,g of
poly(A)+ RNA was hybridized and washed as described (20). Ex-
posure was for 16 hr at -80°C. An RNA ladder (BRL) was used as
the size standard (kb). (B) Primer extension mapping of the 5' end of
AIR carboxylase-SAICAR synthetase mRNA. The reaction mixture
included 5 ,ug of poly(A)+ RNA, primer 2, and avian myeloblastosis
virus reverse transcriptase. A major band corresponding to 173
nucleotides is shown next to a sequencing ladder size standard
obtained from pZD1 with primer 2.
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sequence completes the AIR carboxylase-SAICAR synthe-
tase coding region.

Nucleotide Sequence of cDNA. The nucleotide sequence of
the 2.3-kb insert from pZD1 was obtained from a set of
overlapping deletions. The insert in pZD1 corresponds to
nucleotides 71-2392, and the PCR-amplified product corre-
sponds to nucleotides 1-166. The nucleotide sequence of a
2392-bp cDNA and derived amino acid sequence are shown
in Fig. 3. Translation was deduced to initiate at the first AUG
at positions 59-61. There is a single open reading frame that
is terminated after Leu426 by a UAA codon. The UAA
codon is followed by a 1053-bp 3' untranslated region. Since
the cDNA insert in pZD1 did not contain a 3' poly(A)+ tail,
the sequence is truncated at the 3' end. However, based on
the size of poly(A)+ RNA and a potential 3' polyadenylyla-
tion signal at nucleotides 2341-2347, the nucleotide sequence
shown in Fig. 3 should be nearly full-length. From the
functional complementation of E. coli purC and purEK
mutants and sequence homology with microbial genes en-
coding AIR carboxylase and SAICAR synthetase, discussed
below, we conclude that the derived amino acid sequence
shown in Fig. 3 is that of the bifunctional chicken AIR
carboxylase-SAICAR synthetase.

Synthesis of AIR Carboxylase-SAICAR Synthetase in E.
coli. The AIR carboxylase-SAICAR synthetase coding re-
gion was subcloned into a phage 17-based vector for expres-
sion in E. coli (11). For this purpose an Nde I site was
constructed at the 5' ATG, and an Nde I-HindIII fragment of
the cDNA from nucleotide 59 to nucleotide 1738 was ligated
into the corresponding sites in pT7-7 to yield plasmid pZD4.
Labeling with [35S]methionine detected a protein of -46 kDa
from plasmid pZD4 but not from the p17-7 vector. Rifampicin
inhibited host-cell protein synthesis but not that ofthe 46-kDa
protein (data not shown). The observed mass of 46 kDa is
close to the value of 47,245 calculated from the derived amino
acid sequence.

Structure-Function Relationship. Mutations were con-
structed in vitro to identify functional domains in the purCKE
coding sequence. The results of an initial series of deletions
that extended into the 3' end of the cDNA are shown in Fig.
4. Deletions with endpoints in the cDNA at positions 1738,
1611, and 1391 retained PurC, PurK, and PurE function in E.
coli. These results are consistent with the position of the
translation termination codon at nucleotides 1337-1339. A
further deletion into the coding sequence that removes amino
acids downstream of Val-349 abolished PurK and PurE
function, while all three functions were lost in a deletion that

ggcgctcagtttctttcctgtgccttaggtgcctgtcgccgccgccgctgtcgccgcc 58
ATGGCCCCCGCCGCCTCAGAACTGAAACTTGGTAAAAAAGTTAATGAGGGTAAAACGAAAGAAGTGTATGAGCTG 133
MetAlaProAlaAlaSerGluLeuLysLeuGlyLysLysValAsnGluGlyLysThrLysGluValTyrGluLeu 25
CCGGATATCCCGGGATGCGTTCTGATGCAGTCCAAGGACCAAATAACAGCOGGGAATGCCGCTAGGAAGGACCGG 208ProAspIleProGlyCysValLeuMetGolnSerLysAspGlnIleThrAlaGlyAsnAlaAlaArgLysAspArg 50
ATGGAGGGGAAGGCTGCCATCTCCAACACCACCACCAGCTGCGTGTTCCAGCTGCTGCAGGAAGCAGGAATCAAA 283
MetGluGlyLysAlaAlaIleSerAsnThrThrThrSerCysValPheGlnLeuLeuGlnGluAlaGlyIleLys 75
ACGGCTTTTGTCAGGAAACAGAGTGACACAGCTTTCATAGCAGCTCACTGTGAAATGATCCCAATTGAATGGGTC 358
ThrAlaPheValArgLysGlnSerAspThrAlaPheIleAlaAlaHisCysGluMetIleProIleGluTrpVal 100
TGCAGAAGAATTGCTACTGGCTCTTTCCTCAAAAGAAACCCTGGTGTCAAAGAAGGCTATAAGTTTTACCCACCT 433
CysArgArgIleAlaThrGlySerPheLeuLysArgAsnProGlyValLysGluGlyTyrLysPheTyrProPro 125
AAAATTGAGATGTTTTACAAGGATGATGCCAATAATGATCCACAGTGGTCTGAGGAGCAGCTAATTGAAGCAMA 508
LysIleGluMetPheTyrLysAspAspAlaAsnAsnAspProGlnTrpSerGluGluGlnLeuIleGluAlaLys 150
TTCTCTTTTGCTGGACTTACTATTGGCAAGACTGAAGTGGATATTATGGCTCGTTCTACTCAAGCTATTTTTGAG 583
PheSerPheAlaGlyLeuThrIleGlyLysThrGluValAspIleMetAlaArgSerThrGlnAlaIlePheGlu 175
ATCCTGGAAAAATCATGGCAGCCCCAAAACTGCACTCTGGTGGACCTGAAGATTGAATTTGGTGTTAATATTTTG 658
IleLeuGluLysSerTrpGlnProGlnAsnCysThrLeuValAspLeuLysIleGluPheGlyValAsnIleLeu 200
ACCAAAGAAATTGTTCTTGCTGATGTTATTGATAATGATTCATGGAGACTGTGGCCATCGGGAGACAGAAGCCAG 733
ThrLysGluIleValLeuAlaAspValIleAspAsnAspSerTrpArgLeuTrpProSerGlyAspArgSerGln 225
CAGAAGGACAAACAGTCCTATCGAGATCTGAMGGAMGTGACTCCTGAMGCATTGCAGATGGTTAAGAGAAACTTT 808
GlnLysAspLysGlnSerTyrArgAspLeuLysGluValThrProGluAlaLeuGlnMetValLysArgAsnPhe 250
GAATGGGTTGCAGAAAGAGTAGAGTTGCTTCTGAAAACAAAGAGCCAAGGTAGAGTTGTGGTATTGATGGGATCT 883
GluTrpValAlaGluArgValGluLeuLeuLeuLysThrLysSerGlnGlyArgvalValValLeuiMetGlySer 275
ACTTCTGACCTTGGCCACTGTGAGAAAATAAAGAAGGCATGTGCAACCTTTGGAATTCCTTGTGAGTTAAGAGTA 958
ThrSerAspLeuGlyHisCysGluLysIleLysLysAlaCysAlaThrPheGlyIleProCysGluLeuArgval 300
ACCTCCGCTCACAAAGGGCCAGATGAAACTCTGAGGATCAAAGCAGAATATGAAGGAGATGGAATCCCGACTGTG 1033
ThrSerAlaHisLysGlyProAspGluThrLeuArgIleLysAlaGluTyrGluGlyAspGlyIleProThrVal 325
TTTGTTGCAGTAGCTGGCAGAAGCAATGGTTTAGGGCCAGTAATGTCTGGTAMCACTGCTTACCCTGTTGTCAAC 1108
PheValAlaValAlaGlyArgSerAsnGlyLeuGlyProValMetSerGlyAsnThrAlaTyrProValValAsn 350
TGTCCTCCCCTCTCATCTGACTGGGGTGCTCAGGATGTGTGGTCCTCTCTCAGACTGCCCAGTGGTCTTGGCTGT 1183
CysProProLeuSerSerAspTrpGlyAlaGlnAspValTrpSerSerLeuArgLeuProSerGlyLeuGlyCys 375
CCTACTACTCTGTCACCTGAAGGAGCTGCTCAGTTTGCTGCCCAGATTTTTGGTTTAAACMCCACTTGGTATGG 1258
ProThrThrLeuSerProGluGlyAlaAlaGlnPheAlaAlaGlnI lePheGlyLeuAsnAsnHisLeuValTrp 400
GCCAAACTGCGATC1ACATGTTAAATACATGGATCTCTTTGMGCAGGCTGACAAMTTGCGGGAGTGCACC1333
AlaLysLeuArgSerAsnMetLeuAsnThrTrpI leSerLeuLysGlnAlaAspLysLysLeuArgGluCysThr 425
TTGtaagtccaaccaacaagtaactcctcctcgctacacaaagatagtggcgtgcatatgcatttgtatcaggat 1408
Leu* 426
ttgcagttggatgatgtgagacatcttttcttacagaaggaagcatcttcagagcagcagctgagtctgctatgt 1483
cctcattccttttcttgtgtatgtttttggtttttttagtatagccacttagtaaaagatgagaaggtaatattt 1558
tagttatccttctgttgatccaaaatagtgctgttctgctctttagtgtatactgttaactactgatgatggtta 1633
tgtcaacacaatgattgatttggtgtgatttaaatagaaacccccttttttttccccctgtaacagtaacattct 1708
tccatagtaataatctatgtcctgaagcttattaactcaatgggactgctaactaaaactagtgctgatgtagtg 1783
ctgtaataatggtatgctttcttttagcaataaaatggcaacatatgctgtattaataagaaaataggctaagaa 1858
tgagtaaaagcctgaaagaaataactgccttatttaaaagaaaaacatatattttttcatgtgtatgtgtgtatg 1933
tatatacaccccatcagtaactttaccacatcatttgagtgagttaacagttctcttgtttgtgagaagctctaa 2108
ttttgaatggaaccataactaggcttgttgcctacttgctgtataactcttgactggtccagtcttttgtccttc 2183
aaatagtagacagatctactgtgtatgtatgtgatgctgtcaaattatccttatacacatcaatgtatctatatt 2258
ccctcactctgtttctatgggaattaaactgaactgaaggtgggaataaacagtaaagcaacagaatacacgggc 2333
aagcctaagcatgactgtcttgntctttgcacacaacattctttaaagtaggtactgattccaagaaatatgcaa 2308
ttactcaatgtatgtacaatttatgcttttataattaaataaactatttaatgcaaggaattcgatatcaagctt 2383
atcgatacc 2392

FIG. 3. Nucleotide sequence of chicken liver AIR carboxylase-SAICAR synthetase cDNA and derived amino acid sequence.
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FIG. 4. Structure-function analysis. Deletions were constructed in pZD1 by removal of specific restriction fragments. Enzyme function was
determined by complementation of E. coli pur mutants. Representation of cDNA: 5' thin line, lacZ' and polylinker; open box, AIR
carboxylase-SAICAR synthetase coding region; 3' thin line, 3' flanking sequence. Nucleotides are numbered above the line, and amino acids,
below the line as in Fig. 3. Complementation ofE. colipur mutants is shown at the right. The intact cDNA complemented purC, purE, and purK
strains.

extends to nucleotide 758 and removes all amino acids distal
to Arg-233. Thus, the overall organization is NH-SAICAR
synthetase-AIR carboxylase-COOH, with AIR carboxylase
function extending beyond Asp-234.
To further define the SAICAR synthetase and AIR car-

boxylase boundaries, a series ofamino acid replacements and
small deletions were constructed by oligonucleotide-directed
mutagenesis. Mutations were constructed at positions that
are conserved in the microbial sequences and near the
synthetase-carboxylase boundary (see Fig. 5). The function
of mutated enzymes expressed from multicopy plasmids was
assessed by measurement of growth rates in E. coli pur
mutants. In this assay, stimulation of the growth rate by
adenine indicates that the function of the chicken enzyme is
limiting for purine nucleotide synthesis. The analysis ofthese
mutations is given in Table 1. Basal level function for the
unmutagenized plasmid is shown in the first line. With

non-mutagenized cDNA, excess SAICAR was synthesized
and complemented the purC mutant, but synthesis of 5-
amino-4-imidazolecarboxylate ribonucleotide (AICR in Fig.
1) was limiting, and the growth rates of purE and purK
mutants were stimulated by adenine. Two deletion muta-
tions, A(Gly17, Lys18) and A(Glu255, Arg256, Val257, Glu258)
specifically abolished complementation of purC (SAICAR
synthetase), whereas the double-replacement mutation Ser-
302 -- Ala, His-304 -* Tyr and the double-deletion mutation
A(Ala330, Gly331) abolished complementation ofpurEK (AIR
carboxylase). These results are consistent with the deletion
analysis and indicate that the SAICAR domain extends from
the NH2 terminus to at least Glu-255 and that amino acids
between Ser-302 and the COOH terminus are needed for AIR
carboxylase activity. In neither of the AIR carboxylase
mutations shown in Table 1 nor in the 3' deletions werepurE
and purK functions differentially inactivated. The basis for

Gg 1 MAPAAS KLGKKVN NT EEELPIIPGC EMQS SfQIl QrAE
Ec purC 1 MQKQA -Y-- hAEA T 3STENPDLLM-EFRNDTSING
Bs purC 1 MNIVKN -----LY A KIUKTDiENTL-YVVY*SAMUGEK
EDRMEEAAIS TTTICVIQL Q _KAVKQ AFIAAHCEI I W 9C RI
IEQFD MGMVN KFNYFIMSK UPQMEULLL _ECLVKKLD VUV C V NR
MAEISMIGRLN EISMLINKH HAK NNHIIERI EEEQLIKKVTIVPL V V NV
T FL NP VK NYKFYKMNN QWSEEQMEAKFSFAGLTIGIT
*ALV.-L IE*IELNMLFD H ------ MVNESYCETFGWVSME
VA MS -L IPTELEQ.PIFY LG------ TEDHIQLLKAATPE

ESDIMARSHQAIFfINEISWQFQNCT L I VNILTKMI VEDN SW
NLARMKEL YKANDVKLFDDAGLIuF L --LYKGOV EFSPGSI
QIETIKSI TIVNIEEQSIFDDCHVR F L -LDAEGQV EOSP TC
PS-GDRSQQKEQSY DLKEVTPELQMEKINFEWVAERVEL 259
DKETLEKM-- DRF QSLGGLIm*YEAUA RLGVQLD 237
DKETNEKL-- DLF RNLGSLTDIYEEIFNRLGGIH 239

Gg 260 SKT S---JGREV R GHCEI K AT---*GI C~
Sp purE 376 DV DPVESPV GII iZI ---S M D AVILDEEKV YE
Ec purE 1 MSSRNNPA AIV Kw--- ATMQF AEIFEILNV HHV
Bs purE 1 MMP GII W---ITMIH DILDELNV YEK

RET KG ETIRIK YEGD- PT FV V RSNG G V SGN- AY VNC -

TIV RT *R-MVTYRTAASR LR- II G GAAH G VAAM fPLIGV V
E V RT K-FSFSSAEEN Q- II G GAAH G IAAK LV LGV V
K V RT F-MFE TARER K- II G GAAH G TAAK ITLIGV V
PL SDW AQDVW SLRL S LGCP T-LSPE QFiA-QIFGENNM---EVW R

KG TLD VDSLH IVQM R VPVA l-VAINNSQNAGIL-ACRIEATFQPSELAHM-E
QSAALS VDSLY IVQM R IPVG LAIGKA NAILLAAQIATMDKEE-HQR N
QSKALN MDSLL IVQM G VPVA ATSIGKAVNAGLLAAQISAFDEDD-ARD

XNMLMW- S KQ KLRECTL 426
FIDPKEIVEK.EKKGLEKVGWKNYSA 452
DWRKAQTDEV ENPPRGAA 169
ERREMKQTV ESS QLV 162
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FIG. 5. Alignment of chicken (Gallus gallus) AIR carboxylase-SAICAR synthetase and microbial sequences: E. coli purC (J. M. Smith,
personal communication). B. subtilis purC and purE (5), E. coli purE (3), and Schizosaccharomyces pombe ADE6 (21) were aligned by using
FASTA (22).
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Table 1. Functional analysis of mutant AIR carboxylase-
SAICAR synthetase in E. coli

Relative growth ratet
Enzyme* purC purE purK

Wild type 1.0 0.80 0.48
Mutant

A&(Gly7, Lys'8) <0.05t 0.75 0.67
Asp-134 Val, Ala-135 -* Val 0.68 0.80 0.81
Trp-218 - Leu 0.81 0.92 0.75
A&(Glu255, Arg256, Val257, Glu258) 0.08 0.92 0.92
Ser-302 -* Ala, His-304 -* Tyr 0.92 <0.05 <0.05
,A(Ala330, Gly331) 1.0 <0.05 <0.05

*Enzymes are fusions in which the lacZ' and polylinker sequence
from pBluescript SK- is ligated to the codon for Ala-5 in pZD1.
Deletion mutations are designated by A.
tGrowth rate in medium without adenine divided by the growth rate
in medium containing adenine.
fNo growth in 10 hr.

stimulation of PurK function by mutagenesis of the PurC
domain is not understood.

DISCUSSION
We have screened a chicken liver cDNA library using func-
tional complementation of E. coli pur mutants to isolate a
cDNA that encodes AIR carboxylase-SAICAR synthetase. In
addition, clones have been isolated that complementpurDMN
(trifunctional GAR synthetase-AIR synthetase-GAR trans-
formylase), purB (adenylosuccinate lyase) and the avian ho-
molog ofpurH. Complementation ofpurF and purL were not
obtained by this procedure. To our knowledge, ofthe steps for
de novo purine nucleotide synthesis in birds or mammals, only
the cDNA encoding IMP dehydrogenase (23) from Chinese
hamster had been isolated previously, although after comple-
tion of this work, we learned that Schild et al. (24) had cloned
AIR carboxylase-SAICAR synthetase and two other cDNAs
for de novo purine nucleotide biosynthesis from a human
HepG2 cDNA library by functional complementation of yeast
mutants.
The nearly full-length cDNA of 2392 bp encodes a bifunc-

tional AIR carboxylase-SAICAR synthetase ofcalculated Mr
47,245, which is less than the value of 52,000 reported for the
enzyme purified from chicken liver (25). A deletion analysis
shown in Fig. 4 shows that sequence downstream of an Nde
I site at position 1391 is not required for enzyme function in
E. coli and supports the position of translation termination
following Leu-426.
The assignment of structural domains in chicken AIR

carboxylase-SAICAR synthetase has been made by muta-
tional analyses and sequence alignments with bacterial and
yeast genes. The results indicate an organization of SAICAR
synthetase at the NH2 terminus followed by AIR carboxyl-
ase. The amino acid sequence alignment in Fig. 5 shows
correspondence ofresidues 1-259 ofthe chicken enzyme with
amino acids throughout the entire length of the SAICAR
synthetase from E. coli and B. subtilis. In this alignment there
are 31% amino acid identities of the chicken sequence with
the 237-residue purC-encoded SAICAR synthetase from E.
coli. Statistical analysis by the FASTA program (22) gives a
significance score of 32 SD above the mean of randomized
sequences, a highly significant value for this alignment.
Amino acids 255-258 in the chicken enzyme are required for
SAICAR synthetase activity (Table 1) and should correspond
to the COOH-terminal segment of this domain. According to
the alignment in Fig. 5, the NH2-terminal segment of the AIR
carboxylase domain starts near residue 260. There is 27-30%
identity of amino acids 260-426 of the chicken enzyme with
the purE-encoded sequences from E. coli and B. subtilis and
30% identity with the 176 amino acid COOH-terminal PurE

domain in yeast ADE6. This overall identity suggests that
chicken SAICAR synthetase-AIR carboxylase residues 1-
258 evolved from apurC-related ancestral gene, and residues
260-427 evolved from a purE-related ancestor. Therefore, it
is obvious that the chicken AIR carboxylase is unique and
does not contain a domain similar to the purK-encoded
subunit of 356-379 amino acids as in the E. coli or B. subtilis
enzymes or a domain of similar size in the yeast enzyme.
Attempts to obtain a statistically significant alignment of
microbial PurK sequences with that of the avian enzyme
sequence were unsuccessful and support the conclusion that
the AIR carboxylase-SAICAR synthetase does not contain
the equivalent of a microbial PurK domain. The microbial
AIR carboxylase PurK subunit is thought to function in CO2
binding (3). Either chicken AIR carboxylase can function
without a PurK domain or this function has been incorpo-
rated into the PurE domain. In any event, avian PurE-like
AIR carboxylase can carry out reaction 6 in the pathway and
thus complements both purE and purK mutations. Expres-
sion of cloned microbial genes and the avian cDNA now
permits a detailed investigation of the mechanism of the AIR
carboxylase reaction.
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