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The amino acid sequence of Escherichia coli CTP
synthetase was derived from the nucleotide sequence
of pyrG. The derived amino acid sequence, confirmed
at the N terminus by protein sequencing, predicts a
subunit of 544 amino acids having a calculated A, of
60,300 after removal of the initiator methionine. A
glutamine amide transfer domain was identified which
extends from approximately amino acid residue 300 to
the C terminus of the molecule. The CTP synthetase
glutamine amide transfer domain contains three con-
served regions similar to those in GMP synthetase,
anthranilate synthase, p-aminobenzoate synthase, and
carbamoyl-P synthetase. The CTP synthetase struc-
ture supports a model for gene fusion of a trpG-related
glutamine amide transfer domain to a primitive NH;-
dependent CTP synthetase. The major 5’ end of pyrG
mRNA was localized to a position approximately 48
base pairs upstream of the translation initiation codon.
Translation of the gene eno, encoding enolase, is initi-
ated 89 base pairs downstream of pyrG. The pyrG-eno
junction is characterized by multiple mRNA species
which are ascribed to monocistronic pyrG and/or eno
mRNAs and a pyrG eno polycistronic mRNA.

CTP synthetase is a glutamine amidotransferase that cat-
alyzes the terminal reaction in the de novo pathway for
pyrimidine nucleotide synthesis: UTP + ATP + glutamine —
CTP + ADP + P; + glutamate. Similar to other glutamine
amidotransferases (1), NH; can replace glutamine in which
case the products are CTP, ADP, and P;. Escherichia coli
CTP synthetase is a complex regulatory enzyme that exhibits
both positive and negative cooperative effects and is subject
to allosteric activation by GTP (2). Activation by GTP results
from an increased rate of formation of a covalent glutaminyl
enzyme catalytic intermediate. Accordingly, the NH;-depend-
ent reaction is unaffected by GTP. There is no evidence for
regulation of the expression of the gene pyrG which encodes
CTP synthetase in E. coli (3).

The primary structure required for glutamine amide trans-
fer has been obtained for a number of amidotransferases (4-
10). Recent sequence analyses of cloned amidotransferase
genes have established the existence of two families of gluta-
mine amide transfer domains, each of approximately 190-200
amino acids (8-12). We have employed site-directed mutagen-
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esis to investigate the role of amino acid residues that are
important for glutamine amide transfer function (13-15). In
the absence of crystallographic data, identification of con-
served amino acids in a homologous domain from different
enzymes provides a basis for identifying potentially functional
residues to be replaced by mutagenesis (15). In addition,
analysis of the pattern for fusion of the glutamine amide
transfer domain to other functional domains has led to a
model for the evolution of amidotransferases having the ca-
pacity to utilize NH; and glutamine (8). For these reasons,
sequences of additional glutamine amidotransferases are of
interest.

In this paper, we report the nucleotide sequence of pyrG
and the derived CTP synthetase amino acid sequence. The
CTP synthetase glutamine amide transfer domain contains
three conserved regions similar to those in anthranilate syn-
thase, p-aminobenzoate synthase, GMP synthetase, and car-
bamoyl-P synthetase. The CTP synthetase glutamine amide
transfer domain is located at the C-terminal end of the
molecule, encoded by DNA at the 3’ end of the gene, consist-
ent with a model (8) for evolution by gene fusion to augment
the function of an. NHs-dependent enzyme. Experiments to
map the 5” and 3’ ends of the pyrG mRNA led to the finding
that eno, which encodes enolase, is 89 bp' downstream of
pyrG.

EXPERIMENTAL PROCEDURES®

RESULTS

Subcloning pyrG—Plasmid pNF1519 contains pyrG in a
4.3-kb Pstl fragment of E. coli DNA cloned in pBR322 (Fig.
1). pyrG was subcloned into vector pUC8 as shown in Fig. 1.
Plasmid pMW1 was obtained by ligation of a mixture of
BamHI fragments from pNF1519 into the BamHI site of
pUCS. Selection for pyrG™ was by functional complementa-
tion of pyrG in strain JF646. Plasmid pMW5 was constructed
by ligating the 2.6-kb Sall-Pst] segment of E. coli DNA from
pMW1 into the Sall and Pstl polylinker sites in pUCS.
Further subcloning indicated that DNA at the BamHI and
Kpnl sites in pMWS5 was essential for pyrG function.

DNA Sequence—The DNA sequence of pyrG was initially
determined using fragments isolated from plasmid pMWS5.
Rsal, Hpall, or Tagl digests of plasmid pMW5 or of the Sall-

! The abbreviations used are: bp, base pair; kb, kilobase pair.

2 Portions of this paper (including “Experimental Procedures” and
Figs. 1, 2, 4, 5, and 6) are presented in miniprint at the end of this
paper. Miniprint is easily read with the aid of a standard magnifying
glass. Full size photocopies are available from the Journal of Biolog-
ical Chemistry, 9650 Rockville Pike, Bethesda, MD 20814. Request
Document No. 85M-3563, cite the authors, and include a check or
money order for $4.40 per set of photocopies. Full size photocopies
are also included in the microfilm edition of the Journal that is
available from Waverly Press.
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pyrG Nucleotide Sequence

Pstl insert were ligated into M13mp18 or M13mp19 (Fig. 24).
In addition, specific subfragments were isolated from digests
that were obtained using restriction enzymes having 6-bp
recognition sequences (Fig. 2B). Finally, the exonuclease III
procedure (26) was employed to obtain a set of overlapping
sequences from Nrul-BamHI and BamHI-Pstl segments of
the cloned DNA (Fig. 2C). The DNA sequence shown in Fig.
3 extends from 11 bp upstream of the Nrul site to the
downstream Pstl site at nucleotide 2442. The entire sequence
was determined on both DNA strands from overlapping frag-
ments.

The derived amino acid sequence of CTP synthetase is
shown in Fig. 3. The protein chain of 545 amino acid residues
has a calculated molecular weight of 60,450. At nucleotides
2074-2076, an ATG initiates an open reading frame that
extends 123 codons to the 3’ end of the cloned E. coli DNA.
By screening protein data banks, the downstream sequence
was found to be homologous with that of yeast enolase. Thus,
E. coli eno is 83 bp downstream from pyrG.

CTP Synthetase—Enzyme was purified to homogeneity
from cells bearing plasmid pMW5. A single stained protein
band was obtained by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. By comparison with proteins of known
molecular weight, the CTP synthetase subunit had an esti-
mated molecular weight of 60,000 (Fig. 4).

The N-terminal amino acid sequence of CTP synthetase
was determined by automated Edman degradation. The data
for 24 cycles were indicative of a pure protein. In the first
cycle, a complex mixture was obtained, apparently containing
methionine, threonine, and a residue similar to alanine. From
cycles 2 through 24, the sequence was identical with that
shown in Fig. 3 from Thr-3 to Leu-25. We conclude that Met-
1 was removed by processing and the N terminus of the
mature enzyme is threonine 2 or a modified form of threonine.

pyrG mRNA—The § end of pyrG mRNA was mapped by
the nuclease S1 procedure (29). A 462-nucleotide Nrul-
BamHI DNA probe was used which extends from nucleotides
12-473 (Figs. 2 and 3). The probe was labeled with [a-*2P)
dCTP by primer extension or the double-stranded fragment
was isclated and 5’ end-labeled with [y-**P]JATP and poly-
nucleotide kinase. The results of nuclease S1 mapping are
shown in Fig. 5. Two protected fragments of coding strand
DNA were obtained (Fig. 54, lane 2). Noncoding strand DNA
did not anneal to RNA and was completely digested (Fig. 54,
lane 4). To confirm that the two transcripts extend into the
pyrG coding sequence, nuclease S1 mapping was repeated
using the 5’ end-labeled Nrul-BamHI probe. Fig. 5B shows
that the same two protected fragments were obtained. The
size of the major protected fragment is about 175 nucleotides,
and the minor one approximately 255 nucleotides. More pre-
cise mapping was obtained by using a DNA sequencing ladder
as a size standard (Fig. 5C). These results confirm those
obtained with restriction fragment size standards. Corre-
sponding sites for transcription initiation are overlined in Fig.
3.

The 3’ end of pyrG mRNA was mapped with a Kpnl-Pstl
DNA probe that extends from nucleotides 1663-2442 (Figs. 2
and 3). The results of nuclease S1 mapping are shown in Fig.
6. 'The major products obtained from the coding strand were
undigested probe and a fragment of approximately 400 nu-
cleotides (Fig. 6, lane 2). Minor fragments of approximately
420, 530, and 650 nucleotides were also obtained. The same
pattern of fragments was obtained when the nuclease S1
concentration was increased 3-fold (data not shown). The
noncoding strand DNA probe did not anneal to RNA and was
completely digested (Fig. 6, lane 4). These results indicate
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that there are multiple species of pyrG and eno mRNA. An
mRNA that anneals and fully protects the probe is suggestive
of polycistronic pyrG eno mRNA.

DISCUSSION

The nucleotide sequence of E. coli pyrG was determined in
order to extend our analysis of the relationship of glutamine
amidotransferase structure to function. Recent sequence anal-
yses indicate that different amidotransferases contain one of
two distinct glutamine amide transfer domains (8-12). In all
amidotransferases, a glutamine amide transfer domain is com-
bined by various arrangements with a domain that catalyzes
an NH;-dependent biosynthetic reaction. This combination
endows glutamine amidotransferases with the capacity to
catalyze a glutamine-dependent as well as an NH;-dependent
biosynthetic reaction, both in vitro and in vivo (13, 14). Both
types of glutamine amide transfer domain utilize an active
site cysteine to form a covalent glutaminyl intermediate for
catalysis of amide transfer (13, 14). Amidophosphoribosyl-
transferase (11) and glucosamine-6-P synthase (12) have a
highly conserved glutamine amide transfer domain of approx-
imately 190 amino acids that is characterized by an N-termi-
nal active site cysteine. The second type of glutamine amide
transfer domain, in GMP synthetase (30), carbamoyl-P syn-
thetase (7, 10), anthranilate synthase (5), and p-aminoben-
2o0ate synthase (9), shown in Fig. 7, has three conserved
segments. The active site cysteine in segment 2 is usually at
a position approximately 80 to 90 amino acids from the N
terminus of the domain.

The alignment in Fig. 7 localizes the CTP synthetase glu-
tamine amide transfer domain and establishes its similarity
to that in carbamoyl-P synthetase, GMP synthetase, anthra-
nilate synthase, and p-aminobenzoate synthase. Using current
nomenclature, the CTP synthetase glutamine amide transfer
domain is trpG-related (8). In GMP synthetase, anthranilate
synthase component II, and p-aminobenzoate synthase sub-
unit I1, the homologous trpG-related glutamine amide transfer
domain (8) is initiated at the N-terminal residue of the protein
chain. By noting that the first block of conserved sequence
occurs 46-54 residues from the beginning of the domain in
the three preceding enzymes, we estimate that the CTP syn-
thetase glutamine amide transfer domain begins approxi-
mately at amino acids 292 to 300. Amino acid residues 1 to
approximately 300 should contribute the structure needed for
catalyzing the NH;-dependent reaction. The glutamine amide
transfer domain is fused onto the C-terminal end of the
enzyme. Likewise, in carbamoyl-P synthetase, the glutamine
amide transfer domain is fused onto the C-terminal end of a
protein chain, except that the function of the N-terminal 185-
amino-acid segment is unknown.

The conservation of amino acids in region 2 is sufficiently
high to predict that the conserved cysteine, residue 379 in
CTP synthetase, functions to form the covalent glutaminyl
intermediate as has been shown for Cys-84 in anthranilate
synthase component II (14). Likewise, CTP synthetase His-
515 in region 3 is implicated in the proton transfer that is
required for ionization of Cys-379 (15). Whereas previous
experiments have provided evidence for catalytic roles of
cysteinyl and histidyl side chains in regions 2 and 3, respec-
tively, there is no evidence bearing on the possible role of
region 1 in glutamine amide transfer.

In a previous analysis of the pattern for fusion of the
glutamine amide transfer domain to other protein chains, a
model was proposed to explain the evolution of glutamine
amidotransferases from primitive NH;-dependent enzymes
(8). According to this model, after duplication, genes encoding
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pyrG Nucleotide Sequence

GGAGCGTATT GTTGCCGCGC

CAACAGGTAA AACGGCAGGA

TAAATGACAA GCGCTTGATT

AATAGTGCGC TGGCGAAGAG

1)

30

100

i70

240

310

ATACTGCTTT

ATT
Ile

GCA
Ala

AAC
Asn

GGC
Gly

CGC
Arg

GGT
Gly

CGC
Arg

GGT
Gly

CGT
Arg

GTC
Val

GAC
Asp

TTG
Leu

AAA
Lys

TTA
Leu

CCCGTCTTGG TTATTCCATC

TTT
Phe

GCC
Ala

GTC
Val

GCT
Ala

CGC
Arg

GAC
Asp

GTG
Val

GAT
Asp

GAG
Glu

AAA
Lys

ATC
Ile

TTC
Phe

ATT
Ile

AAC
Asn

GTG
Val

ATT
Ile

GAT
Asp

GAA
Glu

AAC
Asn

TAC
Tyr

CTG
Leu

ATC
Ile

CAC
His

ACC
Thr

CTG
Leu

TGT
Cys

CCG
Pro

TGC
Cys

380
ACC GGC
Thr Gly

10

440
CTT GAA
Leu Glu
30

500
CCA GGT
Pro Gly
50

560
ACC GAC
Thr Asp
70

620
AAC TTC
Asn Phe
90

680
CTC GGC
Leu Gly
110

740
GAA GGT
Glu Gly
130

800
GAA TCC
Glu Ser
150

860
ACT CTG
Thr Leu
170

920
AAA CCG
Lys Pro
190

980
ATT TGT
TIle Cys
210

1040
AAT GTT
Asn Val

230

1100
GGC CTG
Gly Leu

250

1160
CCG GAA
Pro Glu

270

1220

40

110

180

250

320

GGG
Gly

GCC
Ala

ACT
Thr

CTG
Leu

ACC
Thr

GCA
Ala

GGC
Gly

TTG
Leu

TTT
Phe

ACT
Thr

CGT
Arg

CCG
Pro

TTG
Leu

GCG
Ala

GTC
Val

CGT
Arg

ATG
Met

GAC
Asp

ACG
Thr

ACC
Thr

GAA
Glu

CCG
Pro

ATG
Met

CAG
Gln

TCA
Ser

GAA
Glu

AAA
Lys

AAT
Asn

GTA
Val

GGC
Gly

AGC
Ser

CTG
Leu

GGT
Gly

GTG
Val

GGT
Gly

TTC
Phe

CAC
His

CAC
His

GAT
Asp

AAA
Lys

TCT
Ser

CTG
Leu

50

GTGGACTGGA

120

AATTGATCTC

60

AATGACAGGT

130

TAAGGGAATT

190

TGCGTCAAAA

200

ACATTTACCC

260

GAGGGATAAT

270

GAAAGTTTGT

330

GTCTTTTCAA

TCC
Ser

CTC
Leu

CCA
Pro

GGG
Gly

CGT
Arg

CAG
Gln

CAT
His

CTC
Leu

CTG
Leu

TCT
Ser

CGC
Arg

GCG
Ala

CAG
Gln

TCC
Ser

340

CCTAACTTCT

TCT CTG GGT

Ser

AAT
Asn

ATC
Ile

CAC
His

ATC
Ile

GTT
Val

GAC
Asp

GAA
Glu

ACG
Thr

GTA
Val

GCT
Ala

GTT
Val

GGG
Gly

GAA
Glu

Leu

GTG
Val

CAA
Gln

TAC
Tyr

TAC
Tyr

ATT
Ile

GTA
Val

GCG
Ala

CTG
Leu

AAA
Lys

GTT
Val

ATT
Ile

CTG
Leu

TGG
Trp

Gly

ACC
Thr

CAC
His

GAG
Glu

TCT
Ser

CCG
Pro

GTA
Val

ATT
Tle

GTG
Val

GAG
Glu

CCG
Pro

TCT
Ser

GAC
Asp

GAA
Glu

70

GTTGACCTCG

140

ACGCGGTCAA

210

CAAAGGGGCT

280

GGCACAGGTC

350

CAGGTTCAGC

AAA
Lys

ATC
Ile

GGG
Gly

CGT
Arg

GAC
Asp

CAC
His

CTG
Leu

CGC
Arg

CCG
Pro

CTG
Leu

GCG
Ala

CTIG
Leu

GAT
Asp

CAG
Gln

410
GGC ATT
Gly Ile

20

470

ATG AAA
Met Lys
40

530
GAA GTG
Glu Val
60

590

TTC ATT
Phe TIle
80

650
GTT CTG
Val Leu
100

710
ATC ACT
Ile Thr
120

770
GTA GAA
Val Glu
140

830
CAG ATG
Gln Met
160

890
TAC ATG
Tyr Met
180

950
CTC TCC
Leu Ser
200

1010
AAC GAA
Asn Glu

220

1070
AAA GAC
Lys Asp

240

1130
TAT ATT
Tyr Ile

260

1190
GTT ATC
Val Tle

280

1250
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TTC GAA GAA GCG AAC CCG GTA AGT GAA GTC ACC ATC GGT ATG GTC GGC AAG TAC ATT GAA
Phe Glu Glu Ala Asn Pro Val Ser Glu Val Thr Ile Gly Met Val Gly Lys Tyr Ile Glu
_ 290 300
FIG. 3. Nuecleotide sequence of E. coli pyrG, flanking regions, and translated amino acid sequence
of CTP synthetase. The translated sequence of an N-terminal segment of enolase is downstream of CTP
synthetase. Underlined sequences included: pyrG ribosome binding site, eno ribosome binding site. Regions
corresponding to the major and minor mRNA 5’ ends are overlined and numbered (I) and (2), respectively.
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1280 1310
CTG CCG GAT GCT TAT AAA TCA GTG ATC GAA GCA CTG AAA CAC GGT GGG CTG AAG AAT CGT
Leu Pro Asp Ala Tyr Lys Ser Val Ile Glu Ala Leu Lys His Gly Gly Leu Lys Asn Arg
310 320

1340 1370
GTC AGC GTC AAC ATC AAA CTG ATC GAT TCA CAA GAT GTT GAA ACG CGC GGG CTT GAA ATC
¥al Ser Val Asn Ile Lys Leu Ile Asp Ser Gln Asp Val Glu Thr Arg Gly Leu Glu Ile
330 340

1400 1430
CTT AAA GGT CTG GAC GCA ATC CTC GTA CCT GGC GGT TTC GGC TAT CGT GGC GTA GAA GGC
Leu Lys Gly Leu Asp Ala Ile Leu Val Pro Gly Gly Phe Gly Tyr Arg Gly Val Glu Gly
350 360

1460 1490
ATG ATT ACG ACC GCG CGT TTT GCG CGT GAG AAC AAT ATT CCT TAT CTG GGC ATT TGC CTG
Met Tle Thr Thr Ala Arg Phe Ala Arg Glu Asn Asn Ile Pro Tyr Leu Gly Ile Cys Leu
370 380

1520 1550

GGT ATG CAG GTG GCG TTA ATT GAT TAC GCT CGC CAT GTT GCC AAC ATG GAG AAC GCC AAC

Gly Met Gln Val Ala Leu Ile Asp Tyr Ala Arg His Val Ala Asn Met Glu Asn Ala 2;8
390

1580 1610
TCT ACG GAA TTT GTG CCA GAC TGT AAG TAC CCG GTT GTG GCG CTG ATT ACC GAG TGG GGC
Ser Thr Glu Phe Val Pro Asp Cys Lys Tyr Pro Val Val Ala Leu Ile Thr Glu Trp Arg
410 420

1640 1670
GAT GAA AAC GGC AAC GTT GAA GTT CGT AGC GAG AAG AGC GAT CTC GGC GGT ACC ATG CGT
Asp Glu Asn Gly Asn Val Glu Val Arg Ser Glu Lys Ser Asp Leu Gly Gly Thr Met Arg
430 440

1700 1730
CTC GGC GCA CAG CAG TGC CAG TTG GTT GAC GAT AGC CTG GTT CGC CAG CTG TAC AAT GCG
Leu Gly Ala Gln Gln Cys Gln Leu Val Asp Asp Ser Leu Val Arg Gln Leu Tyr Asn Ala
450 460

1760 1790
CCG ACA ATT GTT GAG CGT CAT CGT CAC CGT TAC GAA GTC AAC AAC AGT CTG TTG AAA CAG
Pro Thr Ile Val Glu Arg His Arg His Arg Tyr Glu Val Asn Asn Ser Leu Leu Lys Gin
470 480

1820 1850

ATT GAA GAT GCA GGT CTG CGC GTT CGG GCG CGT TCC GGG GAT GAT CAG TTG GTC GAG ATC
Ile Glu Asp Ala Gly Leu Arg Val Arg Ala Arg Ser Gly Asp Asp Gln Leu Val Glu Ile
490 500

1880 1910

ATC GAA GTT CCG AAT CAC CCG TGG TTC GTG GCT TGC CAG TTC CAT CCG GAG TTT ACT TCT
Ile Glu Val Pro Asn His Pro Trp Phe Val Ala Cys Gin Phe His Pro Glu Phe Thr Ser
510 520

1940 1970

ACT CCA CGT GAT GGT CAC CCG CTG TTT GCA GGC TTT GTG AAA GCC GCC AGC GAG TTC CAG
Thr Pro Arg Asp Gly His Pro Leu Phe Ala Gly Phe Val Lys Ala Ala Ser Glu Phe Gln
530 540

1998 2008 2018 2028 2038
AAA CGT CAG GCG AAG TAA GTAAAAAAGT TAGAGCGGCA ACGTACCCTG GGTACGCGTT GTTTGTCTGCG
Lys Arg Gln Ala Lys End

2048 2058 2068 2100
AGTTTCAGTT TAACTAGTGA CTTGAGGAAA ACCTA ATG TCC AAA ATC GTA AAA ATC ATC GGT
Met Ser Lys Ile Val Lys Ile Ile Gly

2130 2160
CGT GAA ATC ATC GAC TCC CGT GGT AAC CCG ACT GTT GAA GCC GAA GTA CAT CTG GAG GGT
Arg Glu Ile Ile Asp Ser Arg Gly Asn Pro Thr Val Glu Ala Glu Val His Leu Glu Gly

2190 2220
GGT TTC GTC GGT ATG GCA GCT GCT CCG TCA GGT GGT TCT ACT GGT TCC CGT GAA GCT CIG
Gly Phe Val Gly Met Ala Ala Ala Pro Ser Gly Ala Ser Thr Gly Ser Arg Glu Ala Leu

2250 2280
GAA CTG CGC GAT GGC GAC AAA TCC CGT TTC CTG GGT AAA GGC GTA ACC AAA GCT GTIT GCT
Glu Leu Arg Asp Gly Asp Lys Ser Arg Phe Leu Gly Lys Gly Val Thr Lys Ala Val Ala

2310 2340
GCG GTA AAC GGC CCG ATC GCT CAG GCG CTG ATT GGC AAA GAT GCT AAA GAT CAG GCT GGC
Ala Val Asn Gly Pro Ile Ala Gln Ala Leu Ile Gly Lys Asp Ala Lys Asp Gln Ala Gly

2370 2400
ATT GAC AAG ATC ATG ATC GAC CTG GAC GGG ACC GAA AAC AAA TCC AAA TTC GGC GCG AAC
Ile Asp Lys Ile Met Ile Asp Leu Asp Gly Thr Glu Asn Lys Ser Lys Phe Gly Ala Asn

2430
GCA ATC CTG GCT GTA TCT CTG GCT AAC GCC AAA GCT GCT GCA
Ala Ile Leu Ala Val Ser Leu Ala Asn Ala Lys Ala Ala Ala

FiG. 3—continued.

5571

9002 ‘6 JaquianoN uo Aq 610 ogl'mmm wol) papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

5572

60 90
'

cMPSs uuz—sa--lILSGGP-—19--VPVFG\'ICYGHQTMAMQLG-
~-LPITGICLGHUAIVEAYG-
PABS KHy~46 — I VISPGP--19--LPILGVCLGHQGAMRAQAFG-
cps wHy~236 - I FLSNGP--20~--1PVFGICLGHAQLLALASG -
CTPS NEy-345 ~AILVPGG--20-~-TPYLGICLGMAQVALIDYA--120

AS II NHy)~54 — LMLSPGP -

19

pyrG Nucleotide Sequence

190
-719--6GVQFHPE-~-23~--7/
-70--G6GFUQFHPE-~-33~-~/
-73--GVQFHPE--17 --cosm

68--SFQGHPE--27-~com

~ACQFHPE-

28 - - COH

Fic. 7. Alignment of amino acids in three conserved segments of the glutamine amide transfer
domain in E. coli GMP synthetase (GMPS) (8, 30), anthranilate synthase component II (AS II) (5), p-
aminobenzoate synthase subunit I1 (PABS) (9), carbamoyl-P synthetase (CPS) (7), and CTP synthetase
(CTPS). The numbers between dashes indicate the number of amino acids from the N terminus (NH,), between
segments, and to the CO, terminus (CO,H) or to the end of the domain (/). The numbering system at the top, as
used previously (8), counts all positions, including gaps, from the start of the domain.

a glutamine amide transfer domain translocated adjacent to
operons encoding existing NH;-dependent enzymes. It was
suggested that the patterns of fusion were apparently deter-
mined by the inability of a glutamine amide transfer domain
to translocate contiguous to a promoter. The arrangement of
the glutamine amide transfer domain in CTP synthetase
conforms to this model. Nuclease S1 mapping indicates that
the major pyrG promoter is proximal to the translation initi-
ation codon. No other genes intervene between the promoter
and pyrG. The position of the glutamine amide transfer do-
main in CTP synthetase is consistent with translocation and
fusion of a trpG-related glutamine amide transfer domain to
the 3’ promoter distal end of an existing pyrG coding sequence
of approximately 300 amino acids.

To explain the trpG (5, 31, 32) and pabA (9) gene fusion
pattern in several microorganisms, it was proposed that rpG-
related gene fusions onto the 3’ end of an-existing gene were
unfavorable compared to 5’ end fusions (8). It is now apparent
that 3’ end trpG-related gene fusions occur in carbamoyl-P
synthetase (7, 33) and CTP synthetase. It is uncertain why
3’ end trpG or trpG-related gene fusions did not occur with
trpE or pabB, respectively.

Previously, evidence was reported (34) that E. coli CTP
synthetase is a dimer (M, = approximately 105,000) of iden-
tical subunits that undergoes aggregation to a tetramer of M,
= approximately 210,000. A subunit M, = approximately
50,000 was determined by polyacrylamide gel electrophoresis
in 8 M urea. The present experiments indicate a calculated
M, = 60,450 for the primary translation product. Removal of
the initiator methionine residue should yield a protein chain
having a calculated M, = 60,300. The calculated value of
60,300 is consistent with the results of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. NH,-terminal protein se-
quencing verifies that the correct initiator methionine was
identified.

Analysis of the pyrG 3’ flanking sequence indicates an ATG
translation start 86 bp downstream from the pyrG TAA
translation termination triplet. The ATG, position 2074, is
preceded by a ribosome binding site (underlined) and starts
an open reading frame that extends to the end of the cloned
E. coli DNA. The translated sequence exhibits 57% identity
with yeast enolase (35) and thus identifies E. coli eno imme-
diately downstream of pyrG. The gene order on the E. coli
linkage map (36) at min 59, pyrQ relA relX eno, must therefore
be revised to eno pyrG relA (16) based on DNA sequence
analysis.

Nuclease S1 mapping of the pyrG eno boundary indicates
multiple species of mRNA. One of the major products of this
mapping experiment was the fully protected probe. The con-
ventional interpretation of this result is that a polycistronic

pyrG eno mRNA annealed to the probe and protected against
nuclease S1 digestion. An alternative possibility, not presently
excluded, is that two overlapping monocistronic pyrG and eno
RNA molecules can anneal to the probe forming a tripartate
nuclease S1-resistant structure (37). The other major mRNA
of approximately 400 nucleotides should correspond either to
a pyrG transcript having a 3’ end at approximately nucleotide
2059 or an eno transcript having a 5’ end at approximately
nucleotide 2040. Likewise, the minor mRINA species of 420,
530, and 650 nucleotides either terminate distal to pyrG or
initiate upstream of eno. Further experiments are required to
determine whether multiple pyrG and eno mRNA molecules
arise from transcription termination after pyrG and transcrip-
tion initiation prior to eno or whether a primary pyrG enc
mRNA undergoes processing. Since pyrG expression appears
to be constitutive (3), there are no obvious regulatory barriers
to a polycistronic pyrG eno transcriptional unit.
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Supplementary Material to

Nucleotide Sequence of Escherichia coli pyrG Encoding CTP Synthetase

Manli Weng, Christopher A. Makaroff, and Howard Zalkin

EXPERIMENTAL PROCEDURES

Plasmids, Strains and Medfa - E. coli strain JF646 (relevant genotype, pyrf pyrG cdd argE
his4 proA thrl thil recA) and plasmid pNFI519 (16) were provided by James Friesen, University

oronto. Plasmids were isolated from transformants by the alkaline lysis method (17).
This procedure was scaled up for the preparative fisolation of plasmid DNA. CsCl1/Ethidium
bromide centrifugation was included as a final step. For enzyme production strain JF646/pMWS
was grown in media containing salts (18), 0.5% glucose, 0.5% acid hydrolyzed casein, 2 mg/1
thiamine, 0.22% uracil. Cells were harvested in late log to early stationary phase.

Subclonin rG - Strain JF646 is a pyrimidine auxotroph that requires cytidine for
rowth. FGJ was subcloned from pNF1519, a pBR322 derivative, to pUC8. mrﬁ’ plasmids
were selected in strain JF646, grown with uracil, by complementation of the chromosomal pyrG

mutation.

En Purification - CTP synthetase was purified to electrophoretic homogeneity by the
od og .Eaersnn (13). Crude extracts of plasmid-bearing strain JF646 contained approx-
ely 50-fold elevated levels of CTP synthetase (19), thus allowing the phenyl-Sepharose and
Sephadex G-200 chromatographic steps tn he mitted. CTP synthetase activity was determined at
23°C by the method of Long and Pardee (20) using the assay mixture specified by Anderson (19).
The protein content of crude fractions was determined by the Biuret hod (21) and for the
purified enzyme by amino acid analysis. An extinction coefficient, Ef”cn at 280 nm of 8.33
was determined. The specific activity of the purified enzyme was 2.5‘ units/mg protein,
assayed at 23°C. A unit of activity corresponds to the production of 1 umol CTP/min at 23°C.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (22) was used to assess homogeneity
and for estimation of subunit molecular weight.

Amnino Acid Analysis and Amino Acid Sequencing - Samples for amino acid analysis were
hydrolyzed fn 6 N HC1 for 22 h, 44 h and 66 h _h\ vacuo. Analyses were performed with a Durrum
D500 amino acid analyzer. A Beckman 890D sequencer was employed for automated Edman degrada-
tion using the procedures of Mahoney et al. (23).

DNA_Sequencing - DNA sequences were determined by the procedure of Sanger et al. (24).
The polylcrylmlae’uru gel electrophoresis described by Biggen et al. (25) was “used for
resolving the DNA fragments. DNA fragments from digests of pMWS or the 2.6 Kb Sall-Pstl
insert were ligated into the appropriate cloning sites in M13mpl8 or M13mpl9. Digests were
obtained using Rsal, Taql, Hpall and restriction enzymes having six base pair recognition
sequences. A set of 13 clones containing overlapping pyrG fragments from the BamHI-Pstl
region and 3 clones from the Nrul-BamHI segment were obu!%_by the exonuclease III procedure
of Henikoff (26). M13 recombinants were transformed into JM101. DONA and protein sequences
were analyzed by computer (27).

Nuclease S1 Mapping - RNA was fsolated (28) from strain W3110 grown to midlog phase in
minimal media. A i%% nucleotide Nrul-BamHI probe, nucleotides 12-473 (Fig. 3), was used to
”p the 5' end of pyrG. The Nrul-BamHI fragment was cloned into M13mpl8 and M13mpl9.

P:-‘}lbeled probes were synthesized by primer extension using 17 base sequencing primer,
[a-"€P]dCTP, TTP, dATP, dGTP and DNA polymerase Klenow fragment. After primer extension
the radioactive probe was cut out of M13 using flanking restriction enzyme sites in the poly-
linker region. Coding strand hybridization probe, complementary to mRNA was obtained from
M13mpl9. A noncoding strand control having the same sequence as mRNA was obtained from
M13mpl8. For a second seriﬁ of experiments the 462 bp Nrul-BamHI fragment was fsolated from
PMWS and labeled with [J-P]JATP and polynucleotide kinase. DNA probes were hybridized
(29) with 79 ug RNA at 54°C for 12 h. Nuclease S1 treatment (1400 units per ml) was at 37°C
for 40 min. RNA-protected fragments were resolved on 5% polyacrylamide 7 M urea gels with
Mspl-digested pBR322 for size standard.

meth
imat

A 780 nucleotide Kpnl-Pstl probe (nucleotides 1663-2442, Fig. 3) was used to map the 3'
end of pyrG in a similar way. ~Primer extension of the Ml3mpl8 recombinant gave a coding
strand hybridization probe complementary to mRNA. Primer extension from the M13mpl9 recombi-
nant was used to obtain a radioactive noncoding DNA strand to serve as a control.

P B SN B K P EB P
pNFI5I19 =l Lo ] | | J
B SN B K P EBE HB
pPMWI |- L I | TS 1
SN B K PH ES

pPMWS

Fig. 1. E. coli pyrG plamids. Restriction maps are drawn approximately to scale. The
symbols are: filTed box, ng coding DNA; open box, E. coli flanking DNA; solid line, pBR322;
dashed 1ine, pUC8. Abbreviations for restriction sftes are: B, BamHI; E, EcoRl; H, HindIII;
K, Kpnl; N, Nrul; P, Pstl; S, Sall.
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Fig. 2. ﬁumc!ng strltP! for pyrG. The pyrG coding sequence s indicated as a solid
box. Numbering 1s from a Taql site Just upstream the unfque Nrul site. Arrows indicate
the extent of sequence obtained from each cloned fragment. Three sets of clones were used: A,
fragments obtained using Rsal, Taql, Hpall; B, fragments obtained from restriction sites shown
on the map; C, obtained by exonuclease I11 digestion.

T T T
70} .
60} Y
o 4
- 50|
T g0} .
5
w
= 30} 1
o'
<<
=J
:) -
o 20r 43—
J
o
= 257 —
1 ) 1 |
20 30 40 50

®) are bov

in (43,000), a-chymo-
3 (X), migration of CTP syn-
The numbers at the left refer to

a n H , anthra
trypsinogen (25,700), anthran
thetase. The inset shows a photograph of a stained gel.
positions of molecular mass standards fn kilodaltons.

9002 ‘6 JaquianoN uo Ag Bio ogl-mmm wol) papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

j/c

5574

529 — 529 —
406 — 406 —
31— B i
244 — 244 —
219 —
182 — 182 —
162 — 162 —
149 — 149 —
e
12 — 112 — W i
|
69 — e

69 —

==
5
- 1

Fig. 5. Nuclease S1 mapping of the 5' end of pyrG mRNA. (A) DNA probes synthesized by
primer extens{on. @ Nru Tagmen § cloned 1n 18 and M13mpl9. Primer exten-
sion using M13mpl9 yields coding strand DNA complementary to mRNA; M13mpl8 yields noncoding
strand DNA. Hybridization reactfons contained approximately 0.02 pmol DNA probe and 79 ug
RNA. Hybridization was at 54°C for 12 h. Lane 1, Mspl-digested pBR322 size standard; lane 2,
RNA protected fragments of coding strand probe; lane 3, undigested coding strand probe; lane
4, non coding strand probe incubated with RNA and digested with nuclease S1; lane 5, undi-
?esud non coding strand probe.
B) Nrul-BamHI probe 5' end labeled. Hybridization reactions contained approximately 0.3 pmol
DNA probe and 79 ug RNA. Lane 1, size standard; lane 2, probe, RNA, 700 units per ml nuclease
S1; lane 3, probe, RNA, 1400 units per ml nuclease S1; lane 4, undigested probe. Lanes 1 and
4 were exposed for 4 h at -20°C with an intensifying screen, lanes 2 and 3 for 12 h at -70°C
with an intensifying screen.
(C) Nuclease Sl-digested fragments from (A) electrophoresed alongside a dideoxy sequencing
ladder of the Nrul-BamHI fragment., The arrows mark the positions of two nuclease Sl-digested
fragments. The lower major band corresponds to an mRNA 5' end at approximately 303 in the
nucleotide sequence. The upper minor band corresponds to an mRNA 5' end at approximately 222
in the nucleotide sequence.

pyrG Nucleotide Sequence

Fig. 6. Nuclease S1 mapping of the 3' end of pyrG mRNA. DNA probes were synthesized by
primer extensfon. The J'-#:shi KpnI-PSET Fragnen)! was cloned into Ml3mpl8 and Mllmpl9 to
give coding and noncoding strand probes, respectively. Lane 1, Mspl-digested pBR3I22 size
standard; lane 2, RNA-protected fragments of coding strand probe; lane 3, undigested coding
strand probe; lane 4, non coding strand probe fincubated with RNA and digested with nuclease
S1; lane 5, unﬁiges(ec non coding strand probe. Arrowheads point to major protected frag-
ments, circles mark minor protected fragments.
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