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DNA sequence around the Escherichia coli unc operon

Completion of the sequence of a 17 kilobase segment containing asnA, oriC, unc, gimS and phoS

John E. WALKER,* Nicholas J. GAY, Matti SARASTEt and Alex N. EBERLE4
Medical Research Council Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, U.K.
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The nucleotide sequence is described of a region of the Escherichia coli chromosome
extending from oriC tophoS that also includes the loci gid, unc and glmS. Taken with
known sequences for asnA and phoS this completes the sequence of a segment of
about 17 kilobases or 0.4min of the E. coli genome. Sequences that are probably tran-
scriptional promoters for unc andphoS can be detected and the identity of the unc pro-
moter has been confirmed by experiments in vitro with RNA polymerase. Upstream
of the promoter sequence is an extensive region that appears to be non-coding. Con-
served sequences are found that may serve to concentrate RNA polymerase in the
vicinity of the unc promoter. Hairpin loop structures resembling known rho-
independent transcription termination signals are evident following the unc operon
and glmS. The glmS gene encoding the amidotransferase, glucosamine synthetase, has
been identified by homology with glutamine 5-phosphoribosylpyrophosphate amido-
transferase.

The Escherichia coli unc operon, encoding the
eight subunits of ATP synthase, is found near min
83 in the 100min linkage map close to the single
origin of bidirectional DNA replication, oriC
(Bachman, 1983). The region between oriC and unc
is potentially of interest because of its proximity
to the origin of replication. Earlier it had been
suggested that an outer membrane protein binding
at or near the origin of replication might be
encoded in this region of the chromosome, or
alternatively that the DNA segment to which the
outer membrane protein is thought to bind might
lie between oriC and unc (Wolf-Watz & Norquist,
1979; Wolf-Watz & Masters, 1979). The pheno-
typic marker het has been used for this trait (see
Bachman, 1983). Recently two DNA segments
have been proposed to bind to the membrane
protein; one overlaps oriC, the other lies within the
unc operon (Wolf-Watz, 1984). A second pheno-
typic trait gid (glucose-inhibited division) has also
been associated with the region between oriC and
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unc. This phenotype was designated following the
construction of strains carrying a deletion of oriC
and part ofgid and with an insertion of transposon
TnlO in asnA. This oriC deletion strain can be
maintained by replication of an integrated F-
plasmid. Various oriC minichromosomes were
integrated into the oriC deletion strain by homo-
logous recombination. It was observed that inte-
grated minichromosomes carrying an intact gidA
gene displayed a 30% higher growth rate on glucose
media compared with ones in which gidA was
partly or completely absent. A protein of 7OkDa
has been associated with gidA (von Meyenberg &
Hansen, 1980). Insertion of transposon TnlO in
gidA also influences expression of a 25 kDa
protein, the gene for which maps between gidA
and unc. Therefore, it has been proposed that the
70kDa and 25 kDa proteins are co-transcribed;
gidB has been used to designate the gene for the
25kDa protein (von Meyenberg et al., 1982).
The DNA sequence of this region of the E. coli

genome is described here. It confirms the presence
oftwo genes that would encode proteins of the sizes
determined for the gidA and gidB gene products.
They possibly comprise a single transcriptional
unit. These genes are followed by an extensive
region of DNA that appears to be non-coding. It
contains within it the transcriptional promoter of
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Fig. 1. Genetic and physical maps in the region of the unc operon
(a) Extent of E. coli chromosome in transducing phage AAsn5 (black) with genetic markers. (b) Restriction sites
(redrawn from Futai & Kanazawa, 1980): 1, BamH1; 9, PstI; O, HindIII; V, EcoRI. (c) Location of sub-cloned
fragments.

the unc operon. We have described the DNA
sequence of the unc operon previously and parts
of it have been independently determined. The
operon contains nine genes. (For a review see
Walker et al., 1984.)
Wealso describe here theDNA sequence ofabout

2.2kb beyond the uncoperonthatjoins the sequence
of the unc operon to that of phoS. It contains two
genes which may be co-transcribed. The genetic
markerglmS corresponding tothe amidotransferase
glucosamine-6-phosphate synthetase maps in this
region (Wu & Wu, 1971; Bachman, 1983). The pro-
tein sequence predicted from theDNA sequence of
the second of these two reading frames has striking
homology with another amidotransferase, 5-phos-
phoribosylamine :glutamine pyrophosphate phos-
phoribosyltransferase, the product ofpurF in both
E. coli (Tso et al., 1982a) and Bacillus subtilis
(Makaroffet al., 1983). On this basis glmS has bee.n
assigned to this second reading frame. The first of
these two open reading frames (called here
EcoURF-1) remains unidentified. As discussed
elsewhere (N. J. Gay, V. L. J. Tybulewicz & J. E.
Walker, unpublished work), the DNA sequence in
this region also shows that the transposable element
Tn7 inserts into a structure in the DNA sequence
that appears to be the rho-independent transcrip-
tional terminator for glmS. Taken with published
DNA sequences for asnA (Nakamura et al., 1981),
oriC (Meijer et al., 1979; Sugimoto et al., 1979), the
Tn7 insertion site (Lichtenstein & Brenner, 1982)
andphoS (Magotaetal., 1984; Surinetal., 1984), the
sequences presented here complete the sequence of
a segment of approx. 17kb or 0.4min of the E. coli
genome.

Materials and methods
Cloning and preparation ofDNA
The lysogen bacteriophage lAsn5 contains about

26kb of the E. coli chromosome including the
genetic loci asn, oriC, uncandgimS (Kanazawa etal.,
1980). Phage was grown up and DNA extracted
from it as described previously (Gay & Walker,
1981a). The region from oriC to the beginning of
the unc operon was cloned into bacteriophage
M1 3. Three such recombinants that together cover
this region (see Fig. 1), namely M13mp3.NH4,
M13mp7.NB4 and M13mp3.NHl.5, were isolated
and replicative form was prepared as described
previously (Gay & Walker, 1981a,b). A region
extending from the beginning of uncD to the glmS
region is contained in a 4.5kb EcoRI fragment
(called R2) that had earlier been subcloned into the
plasmid pACYC 184 (Gay & Walker, 198 1a). This
recombinant plasmid is pNR2. Its preparation has
been described in earlier work (Gay & Walker,
198 la). A PstI-EcoRI fragment (extending from
nucleotide 10679 to nucleotide 13556) was pre-
pared as described by Saraste et al. (1981). It was
then self-ligated, sonicated and, after end repair
(Deininger, 1983), blunt-end-ligated into Ml3mp8
(Messing & Vieira, 1982) under standard con-
ditions, and finally used to transfect E. coli JM1O1.

Details of other methods concerning trans-
formation and transfection have been given before
(Walker & Gay, 1983). Single-stranded M13
templates for DNA sequencing were prepared
under standard conditions. DNA sequences were
determined by the dideoxy chain termination
method (Sanger et al., 1977) using a 17-nucleotide-
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E. coli DNA sequence from oriC to phoS 801

16k protein
GGGATCGTGGGTTAATTTACTCAAATAAGTATACAGATCGTGCGATCTACTGI'GGATAACTCTC4TCGGiAGCTIGG1 TCA(CC G6TAcTIA1LTCCAIAGAACAACTGTTGTTCAGTTTTT

10 20 30 40 50 60 70 30) 90 100 110 10
Minimal origin of replication

GAGTTGTGTATAACCCCTCATTCTGATCCCAGCTTATACGGTCCAGGATCACCGATCAT TCACAGTT;iA TGATCCT1 TCChGG 11L. rTTTCTTAbAAGCCGGATCCTTGTTATCCACAG
130 140 150 160 170 100 190 215 22U 230 240

-35
GGCAGTGCGATCCTAATAAGAGATCACAATAGAACAGATCTCTAAATAAATAGATITTCTTTIlTAATACC CAGGATCCCAGGTCTTTCTCAAGCCGACAAA OF_AGAGAATCCACGGC

-250 260 270 280 290 300 310 320 330, 340 30 360
gid A

10 | M F DF.F. F El V I I I G G G tH A G T E A A M A A
CCGGGC C CATTTTCATACCGCGTTATGCGAGGCAATCAC TGTTTTATCCIGATCEITTI TGO.':GTCA TCATC(,ITGGCGGGGGITCf TGCAGGCACCGAGGCCGCGATGGCCGC

370a 380 390 TOO 410 420 430 440 45C 460 470 480
Bam H

A R M G 0 0 T L L L T H N I D1 T L G 0 H S C N F A I G G I G K 0 H L V K E V D A
GGCGCGTATGGGTCAACAGACTCTGC T TTTGACACACAATA8TCGACACTC TGGGUCAGA TGAGCTGCAfACCCGGCGATCGGCGGTA4TTGGGA,;iGGGACATC TGGTAAAAGAAfGTGGATGC

490 500 510 520 530 540 550 560 570 580 590 600

L 6 G L M A K A I F 0 A G I 0 F R I L N A S K G F A V R A T R A 0 A D R V L Y R
ACTCGGCGGTCTGATGGCGAAAGCGATCGATCAGGCGGGTATCCAGTTTAGGATACTAAACGCAAGCAAAGGACCGGCGGTTCGCGC1 ACCCGGIGCTCAGGCGGATCGTGTGCTCTACCG

610 620 630 640 650 660 670 680 690 700 710 720

0 A V R T A L E N Q F N L M I F 0 0 A V E D L I V E N D R V V G A V T 0 M G L K
TCAGGCGGTACG TACGGCGC TGGAGAACCAACCGAACC TGA TGAiTC TTCCAGCAGGCGG TTGAAGATC T TAfTTG TCGA8AAACGA TCGC G TGG TCG GTGC TG TTACCCAAATGGGAC TGAA

730 740 750 760 770 780 790 800 810 820 830 840

F R A K A V V L T V G T F L F G K I H I G L 1I N Y S G G R A G D P F S I P L S R
GTTCCGTGCCAAAGCCGTCGTGCTCACCUT TGGGACGTTCCTCGACGGTAAAAT TCA TATCGGTCTGGATAATTACAGCGGTGGCCGTGC TGGTGATCCGCCGTCCATTCCGCT T TCTCG

850 860 870 880 890 900 910 920 930 940 950 960

R L R E L F L R V 0 R L K T G T F F R I El A R T I ED F S V L A 0 Q H G6 N F M F
CCGTT TGCGTGAACTGCCGCTGCGCGT TGGTCGTCTGAAAACCGGGACACCACCGCGTAT TGA TGC TCGAACCAT CGACT T TAGCGTACTGGCGCAACAGCATGGCGA)TAACCCAAT GCC

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

V F S F M G N A S Q H P 0 0 V P C Y I T H T N E K T H D V I R S N L D R S P M Y
GGTATTCTCGT TTATGGGCAATGCGTCCCAGCATCCCCAGCAGGTGCCGTGT TATATCAC TCATACCAACGAGAAflACCCAT GA8TGTGAT CCGCAG TAACC TCGATCGT AGCCCAATGTA

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

A G V I E G V G P R Y C P S I E El K V M R F A F R N 0 H 0 I F L E F E 0 L T S N
CGCAGGGGTGATCGAAGGTGTCGGCCCACGCTACTGCCCG TCGATCGAAGACAAAGTCATGCGC TTCGCCGACAGAAATCAGCA TCAGATC T TCC T TGAACCGGAAGGACTGACCTCTAA

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

E I Y P N G I S T S L P F El V 0 M 0 I V R S M 0 0 Hi E N A K I V R F G Y A I E Y
TGAAATTTATCCGAACGGTATCTCCACCAGCCTGCCGTTCGATGTGCAGATGCAAATCGTCC GC TCTAT GCAGGGGAT GGAAAACGCGAAGATCGTGCG TCCGGGT TATGCCAT TGAGTA

1330 1340 1350 1360 13'0 1380 1390 1400 1410 1420 1430 1440

D F F D P R D L K F T L E S K F I 0 G L F F A G 0 I N G T T G Y E E A A A 0 G L
TGACTTCTTCGATCCTCGCGACCTGAAACCGACGCT GGAGAGCAAGTT TATCCAGGGGC TG TTCT TTGC TGGTCAGATTAACGGCACTACCGGT TACGAAGAAGCCGC TGCGCAAGGT TT

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

L A G L N A A R L S A D K E 6 W A P A R S 0 A Y L G V L V E1 E L C T L 6 T K E P
GCTGGCCGGTCTTAACGCTGCCCGTCTGTCTGCTGACAAAGAAGGT TGGGCTCCGGCACGT TC TCAGGCG TATCT CGGCG TAC TAG TTGATGACCTGTfiCAC T TTAGGAACCAAAGAACC

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

Y R N F T S R A E Y R L N L R E D N A D L R L T E I G R E L G L V D ED E R W A R
GTATCGTATGTTTACT TCGCGCGCAGAATATCGTCTGATGCTACGCGAAGATAATGCGGATCT GCGT TTGACtGAAATCGGT CGTGAAC TGGGCC TGGTGGA TGACGAACGT TGGGCGC G

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 180()

F N E K L E N I E R E R Q R L K S T W V T P S A E A A A E V N A H L T A F L S R
CT TTAACGAGAAACTTGAGAATATCGAG3CGTGAGCGTCAGCGTC TGAAATCGACCTGUGGTAACCCCG TCGGCGGAAGC TGCAGCCGAAGTGAA TGC TCACC TGAC TGCGCCGC T TTCCCG

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920

E A S G E D L L R P E N T Y E K L T T L T P F A F A L T D E 0 A A E 0 V E I 0 V
TGAAGCCAGTGGTGAAGATCTGCTGCGTCCGGAAATGACT TATGAAAAA TTAACCACGC TGACGCCG TT TGCCCC TGCGTTGACAGACGAACAGGCGGCGGAACAGG TTGAGAT TCAGG T

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

K Y E 6 Y I A R 0 6 D E I E K 0 L R N E N T L L F A T L F I K 0 V S G L S N E V
TAAATACGAAGGTTATATCGCGCGCCAGCAAGATGAGATCUAAAAGCAGC TGCG TAACGAGAACACCC TGCTACCCGCGACAC TGGA TTACCGCCAGG TAT CCGG TC T TTCTAACGAAGT

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

I A K L N D H K P A S I G 6 A S R I S G V T F A A I S I L L V W L K K 0 G N L K
GATCGCCAAACTTAACGATCACAAACCAGCCTCTATCGGCCAAGCT TCGCGTAT TTC TGGCG TCACGCCT GCGGCCAT CT CCAT TCTGC TGG TGTGGC TGAAAAAACAGGGTAT GCTGCG

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
gid B

R S A $ . ,M|_ L N K L S L L L K D A G I S
TCGTAGCGCATAACGCAT TAAAAATGCCTGGTAAGCACCCGCTTACCAGGCAACGCATCAAGAACAGGTAATCACC TGCT CAACAAAC TC TCC TTAC TG CTGAAAGACGCAGGTAT TTC

2290 2300 2310 2320 2330 2340 =20 2360 2370 2380 2390 2400

L T D H 0 K N 0 L I A Y V N N L H K W N K A Y N L T S V R D P N E N L V R H I L
GCTTACCGATCACCAGAAAAACCAGCTTAT TGCCTACGTGAATATGCT GCATAAATGGAACAAAGCG TACAACCTGACT TCGGTCCGCGATCC TAA TGAGATGCTGGTACGCCATAT TCT

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
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D S I V V A P Y L 0 G E R F I r' V G T G F G L F' G I F L S I V R F' E A H F T L L
COATAOCATTOTOGTGGCACCGTA UCTGCAAGGFTGAACOGTTTATCGATGTCGGCACCGGACCAUGACTUCCAGGCATTCCACTCTCTATCGTGCGTCCTGAAGCCCATTTCACTCTGTT

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640

D S L 6 K R V R F L R 0 V Q H E L K L E N I E F' V 0 S R V E E F F S E P P F 1' 0

GGATAGCCTTGGTAAACGCGTGCGTTTCCTTCGTCAGGTGCAACA lIGAGCTTAAACTGGAGAATATTGAACCAlGTACAGAGCAGGGTAGAAGAGTTTCC TTCAGAGCCGCCATTTGATGG
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760

V I S R A F A S L N D M V S W C H H L P 0 E 0 G R F Y A L K G 0 M P E 1 E I A L
CGTAATTAGCCGCGC TTT TGCCTCTCT GAACGATATGGTGAGCTUGGTGCCACCA TC TTCC TUGT GAGCAAGGCCGT TT CTACGCGC TGAAAGGGCAAATGCCGGAAGA TGAAATCGC TT T

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880

L P E E Y Q V E S V V K L Q V F A L 11 G E R H L V V I K A N K I *
GTTGCCCGAAGAATATCAGGTCGAATCAGTGGT TAAACTTCAGGT TCCAGCCCTGGAT GGCGAACGT CA TCTGGT GGT GAT TAAAGCAAATAAAAT TTAAT T TTTATCAAAAAAATCATA

2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

AAAAATTGACCGGTTAGACTGTTAACAACAACCAGGTTTTCTACTGATATAACTGGTTACATTTAACGCCACGTTCACTCT TTTGCATCAACAAGATAACGTGGCT TTTTTTGGTAAGCA
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120

GAAAATAAGTCATTAGTGAAAATATCAGTCTGCTAAAAATCGGCGCTAAGAACCAT CAT TGGCTGT TAAAACAT TAT TAAAAAT GT CAATGGG TGGTT TT TGT TGTG TAAATG TCAT TTA
3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240

locator
TTAAAACAGTATCTGTTTTTAGACTGAAATATCATAAACTTGCAAAGGCATCATTTGCCAAGT ATAAAT AT g- TGTGCGCGAACATGCGCAATATGTGATCTGAAGCACGCTTTATCA

3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360

locator locator locator locator p-35
*AGT13TTTAICTTA TT TTTEAiATCOAACAGOTTAGAGAAAAET*CAATTGTATGCACTAAAA TATT AAACATTTATTCACCTTTTGGCTACTTAVTiTO

3370 3380 3390 3400 3410 3420 3430 3440 345)0 3460 3470 - o0

-10 1 m K N V ff S
AAATCACGGGGGCOCACCGTATAAT1iTGACCITTTTTGATGCTTGACTCTAAGCCTTAAAGAAAGTTTTATACGACACGCGGCATACCTCGAAGGGAGCAGGAIGTGAAAAACGTGATGT

3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

V S L V S R N V A R K L L L V 0 L L V V I A S G L L F S L K Dl F F W G V S A I S
CTGTGTCGCTCGTGAGTCGAAACGTTGCTCGGAAGCTTCTGCTCGT TCAGT TACTGGTGGTGAT AGCAAG TGGAT TGC TGT TCAGCCT CAAAGACCCCT TCTGGGGCGT CTCTGCAATAA

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720

G G L A V F L P N V L F H I F A W R H 0 A H T F' A K G R V A W T F A F G E A F K
GCGGGGGCCTGGCAGTCTTTCTGCCTAACGTT TTGTTTATGATATTTGCCTGGCGTCACCAGGCGCATACACCAGCGAAAGGCCGGGTGGCCTGGACATTCGCATTTGGCGAAGCTTTCA

3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840

V L A M L V L L V V A L A V L K A V F L P L I V T W V L V L V V 0 I L A P A V I
AAGTTCTGGCGATGTTGGTGTTACTGGTGGTGGCG TTGGCGGT TTTAAAGGCGG TAT TCT TGCCGC TGA TCG T TACGTGGG TT T TGG TGC TGG TGG T TCAGA TACT GGCACCGGCTGTAA

3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960
unc B (a)
H A S EN M T P 0 El Y I G H H L N N L Q L l L R T F S L V 01 F 0

N N K G *
TTAACAACAAAGGGTAAAAGGCAT TGGCTTCAGAAAATATGACGCCGCAGGATTACATAGGACACCACCTGAATAACCTTCAGCTGGACCTGCGTACATTCTCGCTGGTGGATCCACA

3970 39Wr 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080

N P P A T F W T I N ID S N F F S V V L G L L F LV L F R S V A K K A T S GO F

AAACCCCCCAGCCACCTTCTGGACAATCAATATTGACTCCATGTTCT TCT CGG TGGT GCT GGG T CTGT TGT TCC TGGT T TTA T TCCGT AGCG TAGCCAAAAAGGCGACCAGCGGT GTGCC
4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

G K F 0 T A I E L V I G F V N G S V K D H Y H G K S K L I A F' L A L T I F V W V
AGOTAAGTTTCAGACCGCGATTGAGCTGGTGATCGGCT TTGTTAATGGTAGCGTGAAAGACATGTACCATGGCAAAAGCAAGCTGATTGCTCCOCTGGCCCTGACGATCTTCGTCTGGGT

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

F LM N L M D L L F I D L L P Y I A E H V L 0 L F A L R V V P S A D V N V T L S
ATTCCTGATGAACC TGATGGA TT TACTGCC TATCGACC TGCTGCCGTACATTUCTGAACATG TAC TGGGT CT GCC TGCACTGCGTG TGG T TCCGTC TGCGGACGTGAACGTAACGCTGTC

4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

M A L 0 V F I L I L F Y S I K H K G I G 0 F T K E L T L 0 F F N H W A F I P V N
TATGGCACTGGGCOTATT TATCCTGAT TCTGTTC TACAGCATCAAAATGAAAGGCATCGGCGGC TTCACGAAAGAGT TGACGC TGCAGCCGT TCAA TCAC TGGGCGTTCA TTCCTGTCAA

4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560

L I L E 0 V S L L S K P V S L G L R L F G N M Y A G E L I F I L I A G L L F W W
CT TAATCCTTGAAGGGGTAAGCCTGCTGTCCAAACCAG T TTCACTCGGT TTGCGACTGT TCGGTAACAT GTATGCCGGTGAGCT GAYTTTTCAT TC TGA T TGCT GGTCT GTTGCCGTGGTG

4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

S 0 W I L N V P W A I F H I L I I T L 0 A F I F M V L T I V Y L S H A S E E H *
GTCACAGTGGATCCTGAAT.GTGCCOTGGGCCATT TTCCACATsCC'GATCATTACGCTGCAAGCCTTCATC TTCATGG TTCTGACGATCGTCTATCTGTCGATGGCGTCTGAAGAACATTA

4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800

ync E (c)
|ME N L N M 11 L L Y M A A A V H M 0 L A A I 6 A A

ATTTACCAACACTACTACOTTTTAACTGAAACAAACTGGAGACTOGTC&ITGGAAAACCTGAATATGGATCTGC TGTACATGGCTGCCGCTfTGATGATGGGTCTGGCGGCAATCGGTGCTO
4810 4820 4830 48T5 4850 4860 4870 4880 4890 4900 4910 4920
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E. coli DNA sequence from oriC to phoS 803

I 6 I 6 I L 6 6 K F L E 6 A A R 0 P D L I P L L R T 0 F F I V M G L V D A I P M
CGATCGGTATCGGCATCCTCGGGGGTAAAT TCCTGGAAGGCGCAGCGCGTCAACCTGATC TGAT TCC TCTGC TGCGT AC TCAGT TC T TTATCGT TATGGGTCTGGTGGATGCTATCCCGA

4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040
unc F (b)
M N L N

I A V G L G L Y V M F A VAA *
TGATCGCTGTAGGTCT GGGTCTGTACGTGATGTTCGCTGTCGCGTAGTAAGCGTTGCTT TTAT TTAAAGAGCAAT ATCAGAACG TT AACTAAATAGAGGCAT TGTGC TGAATCTTAAC

5050 5060 5070 5080 5090 5100 Si10 5120 5130 0WfO 5150 5160

A T I L G 0 A I A F V L F V L F C K K Y V W P P L M A A I E K R a K E I A D G L
GCAACAATCCTCGGC5GGCCATCGCGTTTGTCCTGTTCGTTCTGTTC rGCATGAAGTACGTATGGCCGCCATTAATGGCAGCCATCGAAAAACGTCAAAAAGAAATTGCTGACGGCCTT

5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280

A S A £ R A H K D L D L A K A S A T D O L K K A K A E A 6 V I I E a A N K R R S
RCTTCCWGAACGAGCACAT AAGGACCTTGACCT TGCAAAGGCCA.GCGCGACCGACCAGCTGAAAAAAGC GAAAGCGGAAGC CCAGGTAA TCATCGAGCAGGCGAACAAACGCCGC TCG

;-290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400

0 I L D E A K A E A E Q E R T K I V A 0 A 0 A E I E A E R K R A R E E L R K 6 V
CAGA TTCTGGACGAAGCGAAAGCTGAGGCAGAACAGGAACGTACTAAAATCGTGGCCCAGGCGCAGGCGGAAAT TGAAGCCGAGCG TAAACGTGCCCGTGAAGAGC TGCGTAAGCAAGTT

5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520

unc H (O)
A I L A V A G A E K I I E R S V D E A A N S D I V D K L V A E L *

GCTATCCTGGCTGTTGCTGGCGCCGAGAAGATCATCGAACGTTCCGTGGATGAAGCTGCTAACAGCGACATCGTGGATAAAC TT GTCGC TGAACTGTAAGGAGGGAGGGGCTS ATGTCTG
5530 5540 5550 5560 5570 5580 5590 5600 5610 56= 630 5640

F I T V A R P Y A K A A F D F A V E HN S V E R W 0 D M L A F A A E V T K N E D
AA TTTAT TACGGTAGCTCGCCCCTACGCCAAAGCAGCTTTTGACT TTGCCGTCGAACACCAAAG TGTAGAACGC TGGCAGGACATGCT GGCG TTTGCCGCCGAGGTAACCAAAAACGAAC

5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760

M A E L L S G A L A P E T L A E S F I A V C G E D L D E N G D N L I R V M A E N
AAATGGCAGAGC TTCTCTCTGGCGCGCT TGCGCCAGAAACGCTCGCCGAG TC GT TTATCGCAGT TTGTGGTGAGCAACTGGACGAAAACGGTCAGAACC TGAT TCGGGTTATGGCTGAAA

5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880

G R L N A L P D V L E 0 F I H L R A V S E A T A E V D V I S A A A L S E 0 Q L A
ATGGTCGTCTTAACGCGC TCCCGGATGTTC TGGAGCAGTT TATTCACCTGCGTGCCGTGAGTGAGGC TACCGCTGAGGTAGACG TCAT TTCCGC TGCCGCAC TGAGTGAACAACAGC TCG

5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000

K I S A A M E K R L S R K V K L N C K I D K S V M A G V I I R A G D N V I D G S
CGAAAATTTCTGCTGCGATGGAAAAACGTC TGTCACGCAAAGTTAAGCTTGAATTGCAAAATCGATAAGTCTGTAATGGCAGGCGTTATCATCCGAGCGGGTGATATGGTCATTGATGGCA

6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120
rcqA (ca)

V R G R L E R L A D V L S M 0 L N S T E I S E L I K 0 R I A 0 F N V
GCGTACGCGGTCGTCTTGAGCGCCTTGCAGACGTCTTGCAGTCTTAAGGGACTGGAG TGCAACTGAATTCCACCGAAATCAGCGAACTGATCAAGCAGCGCAYTGCTCAGTTCAATG

6130 6140 6150 6160 6170 o8 6190 6200 6210 6220 6230 6240

V S E A H N E G T I V S V S D G V I R I H G L A D C M D G E M I S L P G N R Y A
TTGTGAGTGAAGCTCACAACGAAGGTAC TAT TGTT TCTGTAAGTGACGGTG TTATCCGCAT TCACGGCCTGGCCGATTGTATGCAGGGTGAAATGATCTCCCTGCCGGGTAACCGTTACG

6250 6260 6270 6280 6290 6300 6310 6320 6330 6340 6350 6360

I_ A L N L E R D S V G A V V M G P Y A D L A E G M K V K C T G R I L E V P V 6 R
CTATCGCACTGAACCTCGAGCGCGACTCT GTAGGTGCGGT TGT TATGGGTCCGT ACGCTGACCT TGCCGAAGGCATGAAAGT TAAGTGTACTGGCCGTATCC TGGAAGTTCCGGTTGGCC;

6370 6380 6390 6400 6410 6420 6430 6440 6450 6460 6470 6480

G L L G R V V N T L G A P I D G K G P L D H D G F S A V E A I A P G V I E R O S
GTGGCCTGCTGGGCCGTGTGGTTAACAC TCTGGGTGCACCAATCGACGGTAAAGGTCCGCTGGA TCACGACGGC TTCTCTGCTGTAGAAGCAATCGCTCCGGGCGTTATCGAACGTCAGT

6490 6500 6510 6520 6530 6540 6550 6560 6570 6580 6590 6600

V D O P V 0 T G Y K A V D S M I P I G R Oa R E L I I G D R 0 T G K T A L A I D
CCGTAGATCAGCCGGTACAGACCGGTTATAAAGCCGTTGACTCCATGATCCCAATCGGTCGTGGTCAGCGTGAA TTGATCATCGGTGACCGTCAGACAGGTAAAACCGCACTGGCTATCG

6610 6620 6630 6640 6650 6660 6670 6680 6690 6700 6710 6720

A I I N O R D S G I K C I Y V A I G 0 K A S T I S N V V R K L EE H G A L A N T
ATGCCATCATCAACCAGCGCGAT TCCGG TATCAAATGTATCTATGTCGCTATCGGCCAGAAAGCGTCCACCATT TCTAACGTGGTACGTAAACTGGAAGAGCACGGCGCACTGGCTAACA

6730 6740 6750 6760 6770 6780 6790 6800 6810 6820 6830 6840

I V V V A T A S E S A A L Y L A R M P V A L M G E Y F R D R G E D A L I I Y D
CCATCGTTGTGGTAGCAACCGCGTC TGAATCCGCTGCACTGCAATACCTGGCACGTATGCCGGTTGCGC TAA TGGGC GAATACTTCCGTGACCGCGGTGAAGATGCGCTGATCATTTACG

6850 6860 6870 6880 6890 6900 6910 6920 6930 6940 6950 6960

D L S K 0 A V A Y R D I S L I. L R R P P 6 R E A F P G D V F Y L H S R L L E R A
ATGACCTGTCTAAACAGGCTGT TGCT TACCGTCAGATCTCCCTGC TGCTCCGTCGTCCGCCAGGACGTGAAGCATTCCCGGGCGACGT TTTCTACCTCCACTCTCGTCTGCTGGAGCGTG

6970 6980 6990 7000 7010 7020 7030 7040 7050 7060 7070 7080

A R V N A E Y V E A F T K 6 E V K G K T G S L T A L P I I E T O A G D V S A F V
CTGCACGTGTTAACGCCGAATACGTTGAAGCCTTCACCAAAGGTGAAG TGAAAGGGAAAAC CGGT T CTCTGACCGCACTGCCGATTATCGAAAC TCAGGCGGGTGACG TTTCTGCGT TCG

7090 7100 7110 7120 7130 7140 7150 7160 7170 7180 7190 7200

P T N V I S I T D G D I F L E T N L F N A G I R P A V N P G I S V S R V G G A A
TTCCGACCAACGTAATCTCCATTACCGATGGTCAGATC T TCC TGGAAACCAACC TGT TCAAC GCCGGTA TTCGTCC TGCGGT TAACCCGGGTATTTCCGTATCCCGTGTTGGTGGTGCAG

7210 7220 7230 7240 7250 7260 7270 7280 7290 7300 7310 7320
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0 T K I M K K L S 6 6 I R T A L A 0 Y R E L A A F S 0 F A S El L 0 0 A T R K 0 L
CACAGACCAAGATCATGAAAAAACTGTCCGGTGGTATCCGTACCGCTC TGGCACAGTATC GTGAAC TGGCAGC GT T CTC TCAGT TT GCAT CCGACC T TGACGAT GC AACACGT AAGCAGC

7330 7340 7350 7360 7370 7380 7390 7400 7410 742-0 7430 7440

D H G 0 K V T E L L K 0 K 0 Y A P M S V A 0 0 S L V L F A A E R G Y L A D V E L
TTGACCACGGTCAGAAAGTGACCGAACTGCTGAAACAGAAACAGTATGCGCCGATGTCCGTTGCGCAGCAGTCTCTGGTTCTGT TCGCAGCAGAACGTGGTTACCTGGCGGATGTTGAAC

7450 7460 7470 7480 7490 7500 7510 7520 7530 7540 7550 7560

S K I G S F E A A L L A Y V Ii R El H A P L M 0 E I N 0 T G G Y N El E I E G K L K
TGTCGAAAATTGGCAGCTTCGAAGCCGCTC TGCTGGCTTACGTCGACCGTGATCACGCTCCG TTGAT GCAAGAGATCAACCAGACCGGTGGC TACAACGACGAAATCGAAGGCAAGCTGA

7570 7580 7590 7600 7610 7620 7630 7640 7650 7660 7670 7680
uLn-cG (Y)
M A G A K E I R S K

6 I L D S F K A T O S w
AAGGCATCCTCGATTCCTTCAAAGCAACCCAATCCTGGTAACGTCTGGCGGCTTGCCTTAGGGCAGGCCGCAAGGCATTGAGGAGAAGCT TGGCCGGCGCAAAAGAGATACGTAGTAA

7690 7700 7710 7720 7730 7740 7750 7760- 7770 7780 7790 7800

I A S V 0 N T 0 K I T K A M E M V A A S K M K K S 0 El R M A A S k P Y A E T M R
GATCGCAAGCGTCCAGAACACGCAAAAGATCACTAAAGCGATGGAGATGGTCGCCGCTTCCAAAATGCGTAAAT CGCAGGATCGCA TGGCGGCCAGCCGTCCTTATGCAGAAACCATGCG

7810 7820 7830 7840 7850 7860 7870 7880 7890 7900 7910 7920

K V I 6 H L A H G N L E Y K H P Y L E Ii K EI V K R V G Y L V V S T El k G L C G G
CAAAGTGATTGGTCACCT TGCACACGGTAATCTGGAATATAAGCACCCT TACCTGGAAGACCGCGACG TTAAACGCGT GGGC TACC TGGT GG T GTCGACCGACCGT GGT TTGTGCGGTGG

7930 7940 7950 7960 7970 7980 7990 8000 8010 8020 8030 8040

L N I N L F K K L L A E M K T U T D K G V 0 C D L A M I G S K G V S F F N S V G
TTTGAACATTAACCTGTTCAAAAAACTGCTGGCGGAAATGAAGACCTGGACCGACAAAGGCGT TCAATGCGACCTCGCAATGATCGGCTCGAAAGGCGTGTCGT TC TTCAACTCCGTGGG

8050 8060 8070 8080 8090 8100 8110 8120 8130 8140 8150 8160

6 N V V A 0 V T G M G D N P S L S E L I G P V K V M L 0 A Y 11 E 6 k L El K L Y I
CGGCAATGTTGTTGCCCAGGTCACCGGCATGGGGGATAACCCTTCCCTGTCCGAACTGATCGGTCCGGTAAAAGT GATGT TGC AGGCC TACGACGAAGGCCGT CTGGACAAGC TTTACAT

8170 8180 8190 8200 8210 8220 8230 8240 8250 8260 8270 8280

V S N K F I N T M S 0 V P T I S 0 L L P L F A S l D 0 Li L K H K S W El Y L Y E P
TGTCAGCAACAAATTTATTAACACCATGTCTCAGGTTCCGACCATCAGCCAGCTGCTGCCGTTACCGGCATCAGATGATGATGATC TGAAACATAAATCCTGGGAT TACC TGTACGAACC

8290 8300 8310 8320 8330 8340 8350 8360 8370 8380 8390 8400

D P K A L L D T L L R R Y V E S 0 v Y 0 G V V E N L A S E G A A R M V A M K A A
COATCCGAAGGCGTTGCTGGATACCCTGCTGCGTCG TTATGTCGAATCTCAGGT TTATCAGGGCG TGG TTGAAAACC TGGCCAGCGAGCAGGCCGCCCG TA TGGTGGCGA TGAAAGCCGC

8410 8420 8430 8440 8450 8460 8470 8480 8490 8500 8510 8520

T D N G G. S L I K E L 0 L V Y N K A k 0 A S I T 0 E L T E I V S G A A A V *
GACCGACAATGGCGGCAGCCTGAT TAAAGAGCTGCAGTTGGTATACAACAAAGCTCG TCAGGCCAGC A TTAC TC AGGAAC TCACCGAGA TCGT CTCGGGGGCCGCCGCGG TTTAAACAGG

8530 8540 8550 8560 8570 8580 8590 8600 8610 8620 8630 8640
uncD(4)
M A T G K I V 0 V I G A V V El V E F F Q El A V F k V Y E' A L E V 0

TTATTTCGTAGAGGATTTAA6 TGGCTACTGGAAAGATTGTCCAGGTAATCGGCGCCGTAGTTGACGTCGAATTCCCTCAGGATGCCGTACCGCGCGTGTACGATGCTCTTGAGGTGCAA
8650- 8660 8670 8680 8690 8700 8710 8720 8730 8740 8750 8760

N G N E R L V L E V 6 6 0 L G G G I V k T I A M G S S El G. L k k G L El V K El L E
AATGGTAATGAGCGTCTGGTGCTGGAAGT TCAGCAGCAGC TCGGCGGCGGTATCGTACGTACCATCGCAATGGGT TCCTCCGACGG TCT GCGT CGCGG TC TGGAT GTAAAAGACCT CGAA

8770 8780 8790 8800 8810 8820 8830 8840 8850 8860 8870 8880

H P I E V P V G K A T L G k I M N V L G E P V El M K G E I 6 E E E k W A I H k A
CACCCGATTGAAGTCCCGGTAGG TAAAGCGAC TCTGGGCCGTATCA1 GAACGTACTGGGTGAACCGG TCGACATGAAAGGCGAGATCGG TGAAGAAGAGCG TTGGGCGA TTCACCGCGCA

8890 8900 8910 8920 8930 8940 8950 8960 8970 8980 8990 9000

A P S Y E E L S N S 0 E L L E T 6 I K V I [D L M C P F A K 6 G K V 6 L F 6 G A G
GCACCT TCC TACGAAGAGC TGTCAAACTCTCAGGAACTGC TGGAAACCGG TATCAAAGT TATCGAC CTGA TGTG TCCG TTCGC TAAGGGCGG TAAAGT TGG TC TGT TCGGTGG TGCGGG T

9010 9020 9030 9040 9050 9060 9070 9080 9090 9100 9110 9120

V G K T V N M M E L I R N I A I E H S G Y S V F A 6 V G E K T k E G N El F Y H E
GTAGGTAAAACCGTAAACATGATGGAGCTCATTCGTAAAcTCGCGATCGAGCACTCCGGTTACT CTG TGT TTGCGGGCGTAGGTGAACG TAC TCG TGAGGGT AACGAC TTC TACCACGAA

9130 9140 9150 9160 9170 9180 9190 9200 9210 9220 9230 9240

M T D S N V I D K V S L V Y G 0 M N E P F' G N k L k V A L T G L T N A E K F k El
ATGACCGACTCCAACGTTATCGACAAAGTATCCCTGGTGTATGGCCAGATGAACGAGCCGCCGGGAAACCG TCTGCGCGT TGCT CT GACCGGTCT GACCATGGC TGAGAAA TTCCGT GAC

9250 9260 9270 9280 9290 9300 9310 9320 9330 9340 9350 9360

E G R D V L L F V D N I Y k Y T L A G T E V S A L L G k M P S A V G Y Q P T L A
GAAGGTCGTGACGTTCTGCTGT TCGT TGACAACATCTATCGT TACACCCTGGCCGGTACGGAAGTATCCGCAC TGCTGGGCCG TAT GCC TTC AGCGGTAGGT TATCAGCCGACCC TGGCG

9370 9380 9390 9400 9410 9420 9430 9440 9450 9460 9470 9480

E E N G V L 0 E k I T S T K T G S I T S V 0 A V Y V P A El El L T El P S P A T T F
GAADG,ATGGGCGTTCTGCAGGAACGTATCACCTCCACCAAAACTGGTTCTATCACCTCCGTACAGGCAGTATACGTACCTGCGGATGACTTGACTGACCCGTCTCCGGCAACCACC TTT

9490 9500 9510 9520 9530 9540 9550 9560 9570 9580 9590 9600

A H L D A T V V L S R 0 I A S L G I Y P A V El P L El S T S k 0 L El F L V V G 0 r
GCGCACCTTGACGCAACCGTGGTACTGAGCCGTCAGATCGCGTCTCTGGGTAT CTACCCGGCCGT TGACCCGCT GGACTCCACCAGCCGT CAGCTGGACCCGCTGGT GG TTGGTCAGGAi'

9610 9620 9630 9640 9650 9660 9670 9680 9690 9700 9710 9720

1984



E. coli DNA sequence from oriC to phoS 805

H Y D T A R 0 V Q S I L 0 R Y 0 E L K D I I A I L 0 M D E L S E E D K L V V A R
CACTACGACACCGCGCGTGGCGTTCAGTCCATCCTGCAACGT TATCAGGAACTGAAAGACATCAT CGCCA TCC TGGGTATGGATGAAC TGTCTGAAGAAGACAAACTGGTGGTAGCGCG r

9730 9740 9750 9760 9770 9780 9790 9800 9810 9820 9830 9840

A R K I 0 R F L S Q P F F V A E V F T G S P G K Y V S L K D T I R G F K G I M E
GCTCGTAAGATCCAGCGCTTCCTGTCCCAGCCGT TC TTCGTGGCAGAAG TATTCACCGGTT CTCCGGGTAAATACG TC TCCC TGAAAGACACCA TCCGTGGCTTTAAAGGCATCATGGAA

9850 9860 9870 9880 9890 9900 9910 9920 9930 9940 9950 9960

un CC(e)
GE Y D H L P E Q A F Y M V G S I E E A V E K A K K L *

IM A M T Y H
GGCGAATACGATCACCTGCCGGAGCAGGCGTTCTACATGGTCGGTTCCATCGAAGAAGCTGTGGAAAAAGCCAAAAAACTTTAACGCCTTAATCGGAGGGTGA TGGCAATGACTTACC

9970 9980 9990 10000 10010 10020 10030 10040 10050 10060 10070 10080

L D V V S A E Q 0 M F S G L V E K I Q V T G S E G E L G I Y P G H A F L L T A I
ACCTGGACGTCGTCAGCGCAGAGCAACAAATGTTCTCTGGTCTGGT CGAGAAAATCCA8GTAACGGG TAGCGAAGGTGAAC TGGGGA TCTACCCTGGCCACGCACCGCTGCTCACCGCCA

10090 10100 10110 10120 10130 10140 10150 10160 10170 10180 10190 10200

K P G M I R I V K O H G H E E F I Y L S G G I L E V 6 P G N V T V L A D T A I R
TTAAGCCTGGTATGATTCGCATCGTGAAACAGCACGOTCACGAAGAGTT TATCTATCTGTCTGGCGGCATTCTTGAAGTGCAGCCTGGCAACOTGACCGTTCTGGCCGACACCOCAATTC

10210 10220 10230 10240 10250 10260 10270 10280 10290 10300 10310 10320

G a D L D E A R A M E A K R K A E E H I S S S H G n V D Y A 6 A S A E L A K A I
GCGGCCAGGATCTCGACGAAGCGCGAGCCATGGAAGCGAAACGTAAGGCTGAAGAGCACATTAGCAGCTC TCACGGCGACGTAGAT TACGC TCAGGCGTCTGCGGAACTGGCCAAAGCGA

10330 10340 10350 10360 10370 10380 10390 10400 10410 10420 10430 10440

A O L R V I E L T K K AMM
TCGCGCAGCTGCGCGT TATCGAGT TGACCAAAAAAGCGATGTAACACCGGCT TGAAAAGCACAAAAGCCAGTCTGGAAACAGGCTGGCT TTT T TTTGCGCGTGTGACCCGTCCTGAATAG

10450 10460 10470 10480 10490 10500 10510 10520 10530 10540 10550 10560

CGTTCACATAGATCCTGCTGATATAAAACCCCCC TGTTT TCCTGT TTAT TCA T TGATCGAAATAAGAGCAAAAACATCCACCTGACGC TTAAAT TAAGGTACTGCC TTAATTTTCTGCAG
10570 10580 10590 10600 10610 10620 10630 10640 10650 10660 10670 10680

ACAAAAGGCGTGACGA TGGTCGAAAATGGCGCT TTCGTCAGCUGGGATAA TCCGTTAT'fGAACAATTTATCC TC TGTCCAT T TCACGATGAAAAAAATGTAGTT TTT TCAAGGTGAAGCG
10690 10700 10710 10720 10730 10740 10750 10760 10770 10780 10790 10800

Eco urf 1

G

M L N N A ff S V V I L A A G K G T h' M Y s D L P K V L H
GT T TAAATTCGT TCTCAAAT TACAGTCAGGACGCG TGT TGAATAATGC TATGAGCGTAGT GAT CCT TGCCGCAGGCAAAGGCACGCGCATGTAT TCCGATCTTCCGAAAGTGCTGCAI

10810 10820 1003 10840 10850 10860 10870 10880 10890 10900 10910 10920

T L A G K A M V O H V I D A A N E L G A A H V H L V Y G H G G D L L K 0 A L K D
ACCC TTGCCGGGAAAGCGATGGT TCAGCATGTCATTGATGC TGCGAATGAATTfAGGCGCAGCGCACGTTCACC TGGTGTACGGTCACGGCGGCGATCTGCTAAAACAGGCGCTGAAAGAC

10930 10940 10950 10960 10970 10980 10990 11000 11010 11020 11030 11040

O N L N W V L 0 A E 0 L G T G H A M 0 0 A A P F F A n D E D I L H L Y GOD V P L
GACAACCT TAACTGGGTGCT TCAGGCAGAGCAGCTGGGTACGGGTCATGCAATGCAGCAGGCCGCACCT TTC T TTGCCGATGATGAAGACA TTTTAATGCTCTACGGCGACGTGCCGCTG

11050 11060 11070 11080 11090 11100 11110 11120 11130 11140 11150 11160

I S V E T L 0 R L R D A K F 0 G G I G L L T V K L to 0 P T G Y G R I T R E N 0 K
ATCTCTGTCGAAACAC TCCAGCGTCTGCGT GAT GCTAAACCGCAGGGTGGCA TTGG TCTGCTGACGGTGAAAC TGGATGATCCGACCGG TTATGGACGTATCACCCGT GAAAACGGCAAA

11170 11180 11190 11200 11210 11220 11230 11240 11250 11260 11270 11280

V T G I V E H K 0 A T D E 0 R 0 I 0 E I N T G I L I A N 6 A D M K R W L A N V T
GTTACCGGCATTGTTGAGCACAAAGATGCCACCGACGAGCAGCGTCAGAT TCAGGAGA rCAACACCGGCAT TC TGAT TGCCAACGGCGCAGATATGAAACGC TGGCTGGCGAACGTGACC

11290 11300 11310 11320 11330 11340 11350 11360 11370 11380 11390 11400

N N N A 0 G E Y Y I T D I I A L A Y 0 E G R E I V A V H P O R L S E V E G V N N
AACAAT AATGC TCAGGGCGAATACTACATCACCGACATTATTGCGCTGGCGTATCAGGAAGGGCGTGAAATCGTCGCCGTTCATCCGCAACGTT TAAGCGAAGTAGAAGGCGTGAATAAC

11410 11420 11430 11440 11450 11460 11470 11480 11490 11500 11510 11520

R L 6 L S R L E R V Y O S E 0 A E K L L L A G V M L R D P A R F D L R G T L T H
CGCCTfiCAACTCTCCCGT CTGGAGCGTGT TTATCAGTCCGAACAGGCTGAAAAACTGCTGT TAGCAGGCGT TATGCTGCGCGATCCAGCGCGT TTTGATCTGCGTGGTACGCTAACTCAC

11530 11540 11550 11560 11570 11580 11590 11600 11610 11620 11630 11640

G R D V E I D T N V I I E G N V T L G H R V K I G T G C V I K N S V I G D D C E
GGGCGCGATGT TGAAATTGATACTAACGT TATCATCGAGGGCAACGT GAC TC TCGG TCAT CGCG TGAAAAT TGGCACCGG T TGCGTGAT TAAAAACAGCGTGA TTGGCGATGATTGCGAA

11650 11660 11670 11680 11690 11700 11710 11720 11730 11740 11750 11760

I S P Y T V V E D A N L A A A C T I G P F A R L R P G A E L L E G A H V G N F V
ATCAGTCCGTATACCGTTGTGGAAGATGCGAATCTGGCAGCGGCCTGTACCAT TGGCCCGT TTGCCCGTTTGCGTCCTGGTGCTGAGTTGCTGGAAGGTGCTCACGTCGGTAACTTCGTT

11770 11780 11790 11800 11810 11820 11830 11840 11850 11860 11870 11880

E M K K A R L 6 K G S K A G H L T Y L G D A E I G D N V N I G A G T I T C N Y D
GAGATGAAAAAAGCGCGT CTGGGTAAAGGCTCGAAAGCTGGTCATCTGAC TTACCTGGGCGATGCGGAAAT TGGCGA TAACGT TAACAT CGGCGCGGGAACCAT TACCTGCAACTACGAT

11890 11900 11910 11920 11930 11940 11950 11960 11970 11980 11990 12000

O A N K F K T I I G D D V F V G S D T 0 L V A P V T V G K G A T I A A G T T V T
GGTGCGAATAAATTTAAGACCAT rATCGGCGACOATGTGTTTGTTGGTTCCGACACTCAGCTGGTGGCCCCGGTAACAOTAGGCAAAGGCGCGACCATTGCTGCGGGTACAACTGTGACO

12010 12020 12030 12040 12050 12060 12070 12080 12090 12100 12110 12120

R N V G E N A L A I S R V P O T O K E G W R R P V K K K *
CGTAATGTCGGCGAAAATGCAT TAGCTATCAGCCGT GTGCCGCAGACTCAGAAAGAAGGC TGGCGTCGTCCGGTAAAGAAAAAGTGAT TCTGGCCGGCTAACCCGGT CACATGGGATGAG

12130 12140 12150 12160 12170 12180 12190 12200 12210 12220 12230 12240
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12250 12260 12270 12280 12290 12300 1 2310 .L23 -0 12",339 1234r 12359 123430
girm S
MCG IVG6A ITAO RE' V A *E I L LEG 1- RIk E (F R'6 f~i S AG L A V V D

CAAAAACI1TGTGTGGAATTGTTGGCGCGATCGCGCAACOTGATGTAGCAGAAATCCTTC,I TOAAGGT'TI A(:OTGTCTG','(.(.AA1A(OCCOCGGAT(ATGACTCTOCCG9TCTGGCCGTTGT'rG
12370 12380 12390 12400 12410 12420 121430 12440 124'50 12460 12470 12480

A E G H N T R I R R L G K V 0 M L A 0 A A E E H F' L H 0 G T G I A H T R U A T H

12490 12500 12510 12520 12530 12540 12550 12560 12570 12580 12590 12600

G E P S E V N A H P H V S E H I V V V H N G I I E H H E P L R E E L K A R 0 Y T

12610 12620 12630 12640 12650 12660 12670 12680 12690 12700 12710 12720

F V S ET D T E V IA H L V HUWE L K 0G GOT IR E A V L RATI PG0 L R G AY 0

12730 12740 12750 12760 12770 12780 12790 12800 12810 12820 12830 12840

T V T M D S R H P [TIL L A A R SOGS P L VI GILG GHOE HF I A S D 0 L A ILL
GTACAGTGATCATGGACTCCCOTCAICCCGGATACCCTGCTOGCGGCACGTTCTGGTAGTCCGCTGGTGATTGGCC TGGGOATOGOCOAAAACT TTATCGCTTCTGACCAGCTGOCGCTGT

12850 12860 12870 12880 12890 12900 12910 12920 12930 12940 12950 12960

P V T R R F I F I E E 0 D I A E I T R R S V H I F Ii K T 0 A E V K R 0 D I E S H

12970 12980 12990 13000 13010 13020 13030 13040 13050 13060 13070 13080

1 0 Y D A 6 D K 6 I Y R H Y M 0 K E I Y E 0 P H A I K H T I T 0 R I S H 6 0 V D

13090 13100 13110 13120 13130 13140 13150 13160 13170 13180 13190 13200

I S E L GOP HAD E L L K V E H TO0I L A C OGT S Y H SONMV S R Y U F E S i

13210 13220 13230 13240 13250 13260 13270 13280 13290 13300 13310 13320

A 01I P C ['VETI A S E F R Y R K S A V R RHN SIL M IT LISO0S G ET A ['TIL A

13330 13340 13350 13360 13370 13380 13390 13400 13410 13420 13430 13440

GILRL S K E L 6 Y L GSIL A I C H V P GSSIL V R E S D L A I M T HA G T ElI

13450 13460 13470 13480 13490 13500 13510 13520 13530 13540 13550 13560

O VA S T K A FT TO ILT V I NILM V A H V S RIL K O LD A STIEMH D IV HO I

13570 13580 13590 13600 13610 13620 13630 13640 13650 13660 13670 13680

G AL P S R I EONM ISO0 [K R T E AL A E D F S D K H HA LF 10G ROGD GY P

13690 13700 13710 13720 13730 13740 13750 13760 13770 13780 13790 13800

T A I E G A I K I K E I S Y I H A E A Y A A 0 E I K H 0 F I A I I D A D N P V I

13810 13820 13830 13840 13850 13860 13870 13880 13890 13900 13910 13920

V V A P H H E L L E K I K S H I E E V R A R 0 0 0 1 Y V F A D 0 Di A 0 F V S S D

13930 13940 13950 13960 13970 13980 13990 14000 14010 14020 14030 14040

H N H I I E N P H V E E V I A P I F Y T V P' 1 0 1 1 A Y H V A L I K 0 T D V D 0

14050 14060 14070 14080 14090 14100 14110 14120 14130 14140 14150 14160

Tn7
P R H L A K S V T V E * * -

14170 14180 14190 14200 14210 14220 14234, 14240 14250 14260 14270 14280

CCGTCATCTTCGGCTACTTTTTCTCTGTCACAGAATGAAAATTTTTCTGTCATCTCTTCGTTATTAATOT.TTGTA AF AOAATATCAACOCT TA TAAj~ CAGACTGAAGACTTTA
14290 14300 14310 14320 14330 14340 14350 iTlT~ 14370 14 5U0 14390 14400

14410 14420 14430 14440 14450 14460 14470 14480 14490 14500 -14510 14520

M R
ATOCOT

Fig. 2. Nucleotide sequence of E. coli DNA from oriC to phoS and the amino acid sequences it codes for
Transcription and translation are from left to right. Some of the more important control regions are marked. Each
gene is marked above the proposed points for initiation of translation. Proposed ribosome-binding sites (Shine and
Dalgarno sequences) are underlined. Promoter sequences are boxed and labelled -10 and -35. The point of initia-
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long synthetic primer complementary to a region
adjacent to linker sequence of M13mp7 (Duck-
worth et al., 1981). In the final stages of the work
the modifications described by Biggin et al. (1983)
were employed. Sequences were compiled and
analysed using computer programs described by
Staden (1982a,b, 1984).

Transcriptional studies
E. coli RNA polymerase was a gift from Dr.

A. A. Travers. For the preparation of run-off
transcripts in vitro the following conditions were
employed (Travers, 1981). Reactions contained the
following ingredients: 0.04M-Tris/HCl (pH 7.9),
0.01 M-MgCl2, 0.075M-KCI, 0.6mM-2-mercapto-
ethanol, O.1mM-EDTA, 2mM-ATP, 1mM-GTP,
25mM-CTP, 4pM-[a-32P]UTP (5OmCi/mmol;
Amersham International) and 5nM-DNA frag-
ment. Reaction mixtures were preincubated for
5min at 32°C and RNA synthesis was started
by addition of RNA polymerase holoenzyme
(100 nM). The reactions were performed at 32°C for
30min and terminated by the addition of an equal
volume of formamide dye mix. The products were
separated by polyacrylamide-gel electrophoresis in
the presence of urea and the gels autoradio-
graphed. For end-labelling of RNA transcripts
with [y-32P]GTP or ATP (14Ci/mmol) the reaction
conditions were as above except that the nucleo-
tide concentrations were 0.05mm for ATP and
GTP and 0.125mM for GTP and UTP.

Results and discussion
Determination of the DNA sequence
The DNA sequences described in Fig. 2 were

determined by the dideoxy chain termination
procedure (Sanger et al., 1977) coupled with
cloning into bacteriophage M1 3 (Messing &
Vieira, 1982). Three different strategies were
applied at various stages of the work. Initially the
sequence of the 2.5kb EcoRI fragment, RI, and
much of the sequence of the 4.5kb EcoRI
fragment, R2, were determined with a random
shotgun strategy employing restriction enzymes
with 4bp recognition sequences (Sanger et al.,
1982). However, it proved to be difficult to isolate
sufficient clones covering part of R2 (because of

unfavourable distribution of suitable restriction
enzyme sites). Therefore, the sequence of this
region was completed by cloning fragments gener-
ated by sonication of part of R2 (represented by
the 2.9kb PstI-EcoRI fragment NP3.2; see Fig. 1).
The method of generating a random set of clones
has generally superseded the earlier restriction-
digest shotgun strategy.
A different directed sequencing strategy was

used to determine the sequence between oriC and
the EcoRI site in uncA. Existing information about
restriction enzyme sites was used to prepare a
series of primary M13 subclones, M13mp7.NB4,
M13mp3.NHl.5 and M13mp3.NH4, as shown
in detail in Fig. 1. Sequences were determined
directly from these subclones in both orientations
of the DNA. These sequences were then analysed
with the computer program CUTSIT (Staden,
1984) for the presence of further 6bp restriction
enzyme recognition sites. The purified inserts from
the primary subclones were then digested with the
appropriate restriction enzyme and cloned into
the appropriate M13 vector, thereby generating
further simple mixtures of clones from which
recombinants could be isolated to extend the pre-
existing sequences, and also to provide a reverse
orientation sequence ofthe original data. Thus, the
sequence was built up in an orderly and rapid
manner in both orientations, as summarized in
Fig. 3. The sequence of 14.5kb presented in Fig. 2
extends from the minimal origin of replication to
the beginning ofphoS. Nucleotides 1-420 were not
determined in the present work but are taken from
published data (Sugimoto et al., 1979; Meijer et al.,
1979). No formal overlap has been determined
through the BamHI site near base 420, but it is
likely from restriction analysis and transcription/
translation experiments in vitro that this alignment
is correct (see Lother & Messer, 1981). Therefore,
the sequence of bases 1-420 has been included for
completeness since it contains the coding region
of the first four amino acids of gidA and its
transcriptional promoter.
The other extremity of the sequence lies within a

sequence determined by Lichtenstein & Brenner
(1982) around the unique site of insertion of the
transposon Tn7. This sequence (as independently
verified here) overlaps that of phoS encoding
the phosphate-repressible periplasmic phosphate-

tion of transcription of unc is marked 1. Some inverted repeated sequences that could form stable hairpin loop
structures are overscored with arrows. Nucleotides 1-420 (Meijer et al., 1979; Sugimoto et al., 1979) were not
sequenced in the present work and no overlap has been determined through the BamH 1 site marked in the region of
nucleotide 420. In the present work the sequence was determined up to base 14520 (and beyond). Surin et al. (1984)
have described the sequence from base 14233 onwards and Magota et al. (1984) sequenced from base 14242
onwards. The site of insertion of transposon, Tn7, was defined by N. J. Gay, V. L. J. Tybulewicz & J. E. Walker
(unpublished work).
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0 2 4 6 8 10 12 14kb

41 0 .I I .II I

BamH1
Haell -
Hpall
Bg/lll

Haelil
Hindll

Clal
Sau3A
Hpal
Rsal

HincIl
Pvull
EcoRI
A/ul
Taql

Hinf II
Pstl

AhalII
Sonication

Bg/lI
Hpal
Sa/l
Hphl

BamHl
Haell
Hpall
Bg/lI
Haelll
Hindlil
C/al
Sau3A
Hpal
Rsal
*Hincil
PvulI
EcoRI
Alul
Taql
Hinfl
Pstl
AhaIil
Sonication
Bg/II
Hpal
Sa/l
Hphl

gidA |_ uncl uncB O uIuncH I uncA|nphSuncD EcoURF-l g/mS aS
uncE uncF uncC

Fig. 3. Summary of clones used to establish the sequence
They are aligned with restriction and gene maps of the region. The scale is in kilobases. Restriction sites: 1, BamH ;
O, HindIII; v, EcoRI; ~, PstI. Horizontal arrows represent extent of the sequences determined and their
orientations.

binding protein (Magota et al., 1984; Surin et al.,
1984).
The central portion of the sequence is taken up

by the unc operon which has been presented
previously in fragmentary form. However, the
sequence presented in Fig. 2 contains two correc-
tions of the sequences presented by Gay & Walker
(1981a) and Saraste et al. (1981). The sequence of
nucleotides 7076-7084 in unc was previously
incorrectly presented as ATGCTGCAA (encod-
ing Met-Leu-Gly) (Gay & Walker, 1981a). This is
now corrected to CGTGCTGCA (encoding Arg-
Ala-Ala). In their sequence of uncC, Kanazawa et
al. (1982b) found an additional C residue cor-
responding to position 10454 in the present
sequence. We have now re-examined the sequenc-
ing gels and find that a C residue is clearly present
at this position. This changes the C-terminal
amino sequence of the E subunit of ATP synthase
from Leu-Ser-Ser (Saraste et al., 1981) to Val-Ile-
Glu and extends it by five additional amino acids.
The sequence in Fig. 2 differs in more than 40
other positions from sequences of the unc operon
presented by Kanazawa et al. (1981a,b) and
Mabuchi et al. (1981). These differences have been
listed by Gay (1981) with detailed experimental
documentation of the present sequence where
these differences occur. Nucleotides 3832-6331
have also been determined independently by
Nielsen et al. (1981) and their sequence is in
complete agreement with this part of the sequence
presented here.

Identification of genes
The identification of H+-ATPase subunits from

protein sequences (Sebald & Hoppe, 1982; Walker
et al., 1982) has been described previously.
Open reading frames (potential genes) in the rest

of the sequence presented in Fig. 2 were identified
with the aid of the general sequence analysis
program, ANALYSEQ (Staden, 1984). One option
in this program searches for potential genes by
comparison of the codon usage along the sequence
with the codon usage of a 'standard' E. coli gene.
As a further help to delineating genes the program
also plots the distribution of start and stop codons
on the same diagram. This analysis predicts the
presence of two genes (corresponding to gidA and
gidB) upstream of the unc operon and two further
genes downstream of unc (Fig. 4).

Protein initiation and termination sites
Table 1 lists the proposed start points for

translation. With the exception of the genes for the
eight subunits of ATP synthase (uncB-uncC) these
have not been rigorously established; they have
been chosen by finding an ATG or GTG preceded
by the best 'Shine and Dalgarno' (SD) sequence
(Shine & Delgarno, 1974). All of the genes except
for EcoURF-1 (which uses TGA) terminate with a
TAA codon. Tandem stop codons occur twice, in
uncE (TAGTAA) and glmS (TAATAA). It has
been estimated previously that approx. 13% of all
E. coli genes contain termination signals TAG or
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o 4 6 8 10

/I EcoURF-1

12 14
kb

Fig. 4. Gene predictions for the DNA in the vicinity of the unc operon by using the codon preference method of Staden &
McLachlan (1982)

This is a function ofANALYSEQ (Staden, 1984). The x-axis represents the DNA sequence and the probability of
coding is plotted in the y direction. The method assumes that codon preferences for neighbouring genes are similar
and hence that the codon usage of known genes from the same organism can be used as standard. In the present
calculation the codon usage of the ATPase f-subunit (uncD) was employed for this purpose. Probabilities of coding
are calculated by sliding a window of 35 codons along the sequence one codon at a time. For each position of the
window, the codons in each of the three reading frames of the DNA are compared with the standard and the cor-
responding probabilities ofcoding calculated. Probabilities are plotted for each reading frame, one above the other,
every five codons. A solid horizontal line at the mid point of a reading frame (at 50% probably) indicates which of
the three frames is most likely to be coding. Initiation codons ATG, GTG are marked as vertical bars along the base
of each plot, and termination codons as vertical bars along the 50% level.

TAA in tandem with a second nonsense triplet (Lu
& Rich, 1971). It is thought that the feature ensures
that readthrough ('leakiness') does not occur.

Possible secondary structure
The sequence has not been searched exhaus-

tively for potential secondary structures. However,
it was noticed that such structures were present in
intergenic (and interoperonic) regions. They are
indicated in Fig. 2. Two of them (following uncC
and glmS) are followed by runs of T residues
characteristic of rho-independent transcription
termination sites. The significance of the other
structures remains obscure. Brusilow et al. (1982)
have discussed the possible role of other secondary
structures in the regulation of translation of the unc
operon.

Transcription of the genes
A notable aspect of the region of the E. coli

chromosome from oriC tophoS is that all genes are
transcribed in the same direction, away from oriC.

The following section describes features in the
sequence that may serve as transcriptional promot-
ers. They have been identified by visual inspection
of the non-coding sequences before genes for the
presence of sequences resembling canonical pro-
moters (Pribnow, 1978). Some of these features
have been studied experimentally. For example,
the gidA promoter is probably the weak promoter
(indicated in Fig. 2) described by Lother & Messer
(1981). The intergenic region between gidA and
gidB contains a potential secondary structure of
unknown significance (see Fig. 2) and canonical
promoter sequences are not apparent in this
region, consistent with the co-transcription of the
two genes. The region following gidB does not
evidently contain a typical rho-independent ter-
minator, although it may be assumed from
transcriptional studies of unc that the transcription
of gidA and B does terminate in this region.

unc. The region preceding uncI contains a
canonical promoter sequence from which tran-
scription would start 73 bp upstream of uncI (Gay
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Table 1. Potential ribosome-binding sites (Shine and
Dalgarno sequences)

The proposed ribosome-binding sites are underlined
and the initiation codons boxed.

Gene Sequence

gidA T T A T G A G G C A A T C A C CAT

gidB A G A A C A G G T A A T C A C CGTG

uncI C T C G A A G G G A G C A G G A

uncB A A A A G G C A T C

uncE C T G G A G A C T G T C

uncF A G A G G C A T T G T G C T

uncH A A G G A G G G A G G G G C T G

uncA G G G G A C T G G A G C

uncG T T G A G G A G A A G C T C

G T A G A G C A T T T A A G

A A T C G A G G G T G A T|A

C A G T C A G G A C G C G T

C G G A A T C A A A A A C T

1 40 bases

136 basess-

& Walker, 198 lb). In order to verify the presence
of an active promoter, run-off transcripts with
RNA polymerase were made from various frag-
ments prepared from M13 replicative forms of
various clones covering nucleotides 3165-6200.
These experiments demonstrate that the proposed
promoter is the only active promoter in vitro in the
proximal region of the unc operon. Fig. 5 shows
the products of transcription in vitro of a 240bp
Sau3A-HindIII fragment (SU6) (nucleotides
3395-3634) compared with that of a synthetic gene
(SSU2) containing the tRNATYr promoter (Ryan et
al., 1979). The product ofSSU2 is known to be 142
bases in length. A single major transcript with a

mobility slightly greater than the SSU2 transcript
is produced by the unc promoter fragment. The
length of this transcript predicted from the DNA
sequence is 135 bases. Thus, the experimentally
determined size corresponds well with the
prediction.
To localize further the transcription initiation

base, the transcription reactions in vitro were per-
formed with [y-32P]GTP and [y-32P]ATP. Under
these conditions radioactive label can only be
incorporated into the initiating base. Both the
SSU2 and SU6 fragments directed the synthesis of
labelled products of the expected mobilities in the
presence of [y-32P]GTP but not with [y-32P]ATP.
The SSU2 transcript is known to initiate with G
(Ryan et al., 1979). This experiment confirmed the

Fig. 5. Transcription in vitro from the unc promoter
[a-32P]UTP-labelled products of transcription in
vitro directed by (a, b) SU6 containing the unc

promoter and (c, d) SSU2 (synthetic) tyrT promoter
fragments.

transcription initiation nucleotide proposed in Fig.
2. This conclusion has also been reached indepen-
dently by Porter et al. (1983) and Kanazawa et al.
(1982a). It is also consistent with TnlO insertions
in this region described by von Meyenburg et al.
(1982) and DNAase footprinting experiments
(Kanazawa et al., 1982a). Other weak promoters
also occur between the unc promoter and uncB,
but their significance, if any, is unclear (see Porter
et al., 1983).

1984
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Table 2. Sizes ofproteins encoded in the sequence
References: (a), Hansen et al. (1981); (b), Brusilow et
al. (1983).

Size

Protein
gidA
gidB
uncI
uncB
uncE
uncF
uncH
uncA
uncG
uncD
uncC
ecoURF-1
gimS

From DNA
(Da)
69366
23399
14072
30304
8256
17232
19332
55328
31578
50326
15069
49163
66867

From gels
(kDa)
70
25
14
23
8.5

18
20
58
31
52
12

10

v: 20

_ 30

4 40

50

60

Reference
(a)
(a)
(b)
(a)
(a)
(a)
(a)
(a)
(a)
(a)
(a)

10

It is also notable that in the extensive non-coding
region preceding uncl and upstream of the unc
promoter other conserved elements are to be found
(see Fig. 2). These could conceivably act as RNA
polymerase binding sites and serve to concentrate
the enzyme in the vicinity of a major promoter.
Such sequences have been demonstrated upstream
of the E. coli tyrT promoter by Travers et al. (1983)
(Travers, 1984). Some support for this proposal
comes from the re-examination of the footprinting
data of Kanazawa et al. (1982a). In their experi-
ments it is apparent that protection was obtained
in regions in which two of the proposed locators
lie; these are the regions nucleotides 3397-3419
and 3429-3457 (see Fig. 2). Transcription of the
uncl operon appears to terminate after uncC (see
above). Other intergenic non-coding sequences are
to be found in the operon. Before and after uncE
are sequences homologous to each other and to the
-10 region of the trp promoter (Pribnow, 1978)
but their significance is unclear.
EcoURF-J and glmS. A number of weak pro-

moter sequences are indicated by ANALYSEQ
upstream of EcoURF-1 (results not shown). How-
ever, in the absence of experimental data it is not
possible to decide whether or not EcoURF-1 and
gimS are co-transcribed. However, transcription of
the region appears to terminate after glmS (see Fig.
2) before phoS. A potential promoter for phoS (see
Fig. 2) has been pointed out by Surin et al. (1984).

The gidA and gidB proteins
The DNA sequence of gidA encodes a protein

predicted to have a molecular mass of 69 286 Da in
agreement with the size determined for the product
of linked transcription and translation in vitro of

CA 20

.!4 30
Cs
X 40

50

60

0 (a) \N

0

)o -

0 100 200 300 400
E. coli pur F

(b) N
'0-

'0-

)0

)0

)0

0O. su.

100 200 300
B. subtilis pur F

400

Fig. 6. Comparison of protein sequence of glucosamine
synthetase (glmS) with glutamine phosphoribosyl-
pyrophosphate amidotransferase (pur F) from (a) E. coli
and (b) B. subtilis by using DIAGON (Staden, 1982a)
In the calculation a window of 25 and a score of 280
were employed.

this region (see Table 2). The predicted molecular
mass for the gidB protein is similarly in accord
with earlier estimates (Table 2). Both proteins
appear to have a content and distribution of hydro-
philic amino acids that would suggest that they
are soluble globular proteins (Kyte & Doolittle,
1982). Runs of hydrophobic amino acids that have
been associated with spans buried in membranes
are conspicuously absent. So it seems unlikely that
either gidA or gidB has properties that would
suggest that either might correspond to a compo-
nent of the outer membrane binding the origin of
replication. The phenotype of gidA and gidB,
glucose inhibition of division, is rather vague and
the biochemical function of the gene products
remains unclear.

In an attempt to gain some insight, the protein
sequences have been compared with those of a
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Table 3. Amino acid sequence in region ofputative active site of glucosamine synthetase and other amidotransferases
Abbreviations and references: glmS, glucosamine synthetase; (a), PRPP-AT, glutamine phosphoribosylpyrophos-
phate amidotransferase from E. coli (Tso et al., 1982a,b); (b), PRPP-AT from Bacillus subtilis (Vollmer et al., 1983;
Makaroffet al., 1983); (c), CPS, small subunit ofE. colicarbamoyl phosphate synthetase (Piette etal., 1984); (d) CPS
from yeast (Nyunoya & Lusty, 1984); (e), ASII, anthranilate synthetase component II from E. coli (Yanofsky et al.,
1981); (1) ASII from Serratia marcescens (Tso et al., 1980); (g), PABSII, p-aminobenzoate synthetase from E. coli
(Kaplan & Nichols, 1983); (h), ASII from Pseudomonas putida (Kawamura et al., 1978); (i) ASII from Neurospora
crassa (Schechtman & Yanofsky, 1983); (j), FGAR-AT, formylglycinamide ribonucleotide amidotransferase from
Salmonella typhimurium (Dawid et al., 1963); (k), FGAR-AT from chicken (Ohnoki et al., 1977). *Denotes sites of
reaction with inactivating alkylating agents (see the text). Identities and conservative substitutions are boxed.

Protein

(A) E. coli glmS

E. coli PRPP-AT

B. subtilis PRPP-AT

Residues

1-15

1-14

1-14

Sequence

M C G I V G A I A Q R D V A E

C G I V G I A G V M P V N Q

CGV FG I W H E E A P Q

(B) E. coli CPS

Yeast CPS

E. coli ASII

S. marcescens ASII

E. coli PABSII

Ps. putida ASII

N. crassa ASII

261-276

256-271

75-90

75-90

7 1-86

7 1-86

96-111

S. typhimurium FGAR-AT

T D nP V F|G I C]L G H Q L L A

D C JI PI I F IG I CI L G H IQI L L A

G K IL PI I I IG I

G RLPI I I IG I

G R IL PI I L IG V

G K L PI I L IG V

c

*
c

c

C~

L G H IQIA I V

L G H

L G H

G K I I F |G V CI M G Q
*

AL G VC

Chicken FGAR-AT
*D

G VCD B C

t In glucosamine synthetase it is not known whether the initiator methionine is removed by post-translational pro-
cessing, as in both species of PRPP-AT.

wide range of other proteins (Doolittle, 1981) using
the rapid search technique described by Wilbur &
Lipman (1983). However, no significant homo-
logies were detected.

Identification of the glmS gene

Glucosamine synthetase (encoded in glmS) cata-
lyses the formation of glucosamine 6-phosphate
from fructose 6-phosphate and glutamine. Thus, it
belongs to the family of amidotransferases that
catalyse transfer ofan amide group from glutamine
to a substrate to form a new C-N bond. Three
reactions in purine and two in pyrimidine nucleo-
tide synthesis have been identified in which
glutamine is a nitrogen donor. Also glutamine is a
substrate for reactions leading to synthesis of
anthranilate, p-aminobenzoate, histidine, aspara-

gine, glutamate, glutaminyl-tRNA and nicotin-
amide adenine dinucleotide (Buchanan, 1973).
Mutants in glmS are characterized by being unable
to synthesize cell walls and have a requirement for
exogenous glucosamine. Little is known about the
chemical characteristics of the enzyme except that
the glutamine analogue, 6-diazo-5-Oxo-L-norleu-
cine, is a potent inhibitor (Ghosh et al., 1960). This
property is also shared with other amido-
transferases. In all cases in which the reaction site
has been identified inhibition results from reaction
of the analogue with an active site cysteine residue.
In two amidotransferases, anthranilate synthase
component II (Kawamura et al., 1978) and
glutamine: phosphoribosylpyrophosphate amido-
transferase in E. coli and B. subtilis (Vollmer et al.,
1983; Tso et al., 1982b) this cysteine residue has
been identified in the sequence of the protein.

1984

Reference

This work

(a)

(b)

Q A I V

A M A

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

L C H Q S I G

C I F
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glmS

E. coli PRPP-AT

B. subtilis PRPP-AT

glms

E. coli PRPP-AT

B. subtilis PRPP-AT

glmS

E. Coli PRPP-AT

B. subtilis PRPP-AT

glnS

E. coli PRPP-AT

B. subtilis PRPP-AT

glmS

E. coli PRPP-AT

20 40

M C G I V A I QR D V A E I L L E G RR E Y R G Y S A G L A V V D A E G H M T R L R L
C G I V G I A G V M P V N QS I Y D A T V QH R G Q A G I I T I D A N N C F R S L K A N A
C GV F G I W HEEAPITYYG H S QHR Q G A G I VA T D G EK -LTA H KG G

60 80
100

K V Q M E A Q A A E E H P E H G G T G I A H T R A H EPSVNAH V S E HV-

L V S D V F E A R H M Q RI Q G N M G I G VR Y P A SSSA S E A QHF Y V N S P Y G I T

LITEVFQ,NGELSK K GKG-AIG VRA A GGGYENVQWLLFRSQNNGSLA
120 140

VVHNG If ERHEPL EEE.-KARGYTFV E DT EVIJ- - HLVNWELKQGG

L|A|H N G NILIT H A H EIL RIK K|L|F E EK R RH I N TS D S E I L N I F A S E L D N F R H Y P L

JAjHNGNQJVH-ATQLENJQQWEQGSIFQ S DT EVL --- LIKRSGHFTL

160 180 200

T L R E A V L R A I PQ L R G A Y G T | I D S R H P D T L L A A R S S -rP V I G L

EADNIFAAIAATNRL|IRGAYAICVA IIGHGMVAFRDPNjGIR|P L|VLGKRDI
-K D Q I K N S L S M ----L K G A Y AFjLI ET E M I V A L -D P N L RPSI

G M G E N F I A S D Q L A L L P T R

DEMRTEYMVAS ES VGS -R
B. subtilis PRPP-AT G M M G D A Y V V A S E T C A F D V

Fig. 7. Alignment ofprotein sequence ofglucosamine synthetase with those ofglutaminephosphoribosylpyrophosphate amido-
transferases (PRPP-AT) from E. coli and B. subtilis

N-Terminal segments of the proteins are shown. They correspond to homologous regions detected with DIAGON
(see Fig. 6). Conservative substitutions and identities are boxed; -, a deletion; *, sites of reaction of glutamine
phosphoribosylpyrophosphate amidotransferase with 6-diazo-5-oxonorleucine (Tso et al., 1982b; Vollmer et al,
1983). The E. coli and B. subtilis purF products are synthesized as precursors extended one and eleven residues
respectively at their N-termini (Tso et al., 1982a; Makaroff et al., 1983).

/ --0s Tn7

proXlin gidA (;;; ~1JM F1FW7[1] joACD EcoURF-1I F gimS it phoS
asnA ToriC

0 2 4 6 8 10 12 14 16 18
kb

Fig. 8. Gene map determined by DNA sequencing of the E. coli chromosome in the vicinity of the unc operon
Genes above the line are transcribed from left to right and those below from right to left. The scale is in kb.

Other amidotransferases have also been shown to
be inactivated by alkylation of a cysteine residue
with other reagents. Thus, experiments have been
performed to identify the sites of reaction of
azaserine with S. typhimurium formylglycin-
amide: ribonucleotide amidotransferase (Dawid
et al., 1963) and of iodoacetic acid with the chicken
enzyme (Ohnoki et al., 1977), and of L-2-amino-4-
oxo-5-chloropentanoic acid (another glutamine
analogue) with anthranilate synthase component
II (Kawamura et al., 1978). From these studies and
by comparison of the protein sequences of this
family of proteins it appears that amido-
transferases fall into two distinct groups (labelled
A and B in Table 3) exemplified by carbamoyl
phosphate synthetase and glutamine: phospho-
ribosylpyrophosphate amidotransferases (Nyun-
oya & Lusty, 1984). Comparison of the protein
sequences predicted from the two open reading

frames following the unc operon with these two
groups demonstrates a strong homology between
glutamine: phosphoribosylpyrophosphate amido-
transferase and the second of the two putative E.
coli proteins (Figs. 6 and 7), but not the first.
Particularly significant is the region of homology
at the N-terminal regions of these two proteins
containing a cysteine residue. This is known to be
the site of reaction of 6-diazo-5-oxonorleucine with
glutamine: phosphoribosylpyrophosphate amido-
transferase. Therefore, it is concluded that the
second gene is that for glucosamine synthetase,
glmS, and also that the conserved cysteine residue
is likely to be the site of reaction of 6-diazo-5-
oxonorleucine with this enzyme.
The first of the two reading frames following

uncC is not evidently related to the protein
sequence of any known protein (Doolittle, 1981)
and its function remains unknown.
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Gene organization
The organization of genes in the sector of the E.

coli chromosome near unc is summarized in Fig. 8.
At present it represents the most extensive
sequence determined in the E. coli chromosome.
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