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The DNA sequence of 91.4 kilobases of the Escherichia coli K-12 genome, spanning the 
region between rrnC at 84.5 minutes and rrnA at 86.5 minutes on the genetic map (85 to 
87 percent on the physical map), is described. Analysis of this sequence identified 82 
potential coding regions (open reading frames) covering 84 percent of the sequenced 
interval. The arrangement of these open reading frames, together with the consensus 
promoter sequences and terminator-like sequences found by computer searches, made it 
possible to assign them to proposed transcriptional units. More than half the open reading 
frames correlated with known genes or functions suggested by similarity to other sequences. 
Those remaining encode still unidentified proteins. The sequenced region also contains 
several RNA genes and two types of repeated sequence elements were found, lntergenic 
regions include three "gray holes," 0.6 to 0.8 kilobases, with no recognizable functions. 

Complete genomic sequences, including 
those of viruses, plasmids, organelles, and 
recently one of the smaller yeast chromo- 
somes ( I ) ,  have provided valuable insights 
even though none of these encode all the 
functions required for life. The complete 
sequence of the Escherichia coli genome, 
however, would in principle contain infor- 
mation sufficient to define an independent 
life form. The segment of the E. coli K-12 
genome described in this article is an initial - 
step toward such an analysis (2). 

The circular E. coli genome of 4.7 x lo3 
kb corresponds to a genetic map of 100 
minutes (3). The physical map has been 
defined by the overlapping set of bacterio- 
phage lambda (A) clones of Kohara et al. 
(4), and maps are now available for ten 
restriction endonuclease sites (4-6). The 
genetic map includes more than 1400 
genes, many of which have been placed on 
the physical map (2, 7). Approximately 
one-third of the genome has been se- 
quenced in patches by individual investiga- 
tors in studies addressing specific genes of 
interest, many regions having been se- 
auenced several times in different strains 
and mutants. Available sequences have 
been collated by Rudd (7) and by Kroger 
(8) and assembled into sequenced regions, 
whose average size is 3.8 kb and the largest 
is 32.3 kb. Although more than 1200 E. coli 
genes have been sequenced, perhaps anoth- 
er 2000 remain to be discovered. 

We have chosen the E. coli K-12 strain 
MG1655 to represent the wild type for 
sequencing (9). It was derived from the 
original K-12 (isolated in 1934) by curing it 
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of lambda prophage and F factor without 
treatment bv mutaeens. Other common 
laboratory strains O ~ E .  coli have all been 
obtained by mutagenic methods, making 
them unsuitable for sequencing. The strain 
used by Kohara et al. (4), W3110, has 
several known point mutations, a large 
inversion, several transpositions, and many 
deviations from the wild-type restriction 
map (5-7). From MG1655 we constructed 
an overlapping lambda clone bank (6, 10) 
similar to the Kohara set. Nine lambda 
clones covering about 100 kb (2 percent of 
the genome) were sequenced while techni- 
cal approaches for mass sequencing and 
data analysis were being developed. 

For sequencing of E. coli within 3 to 5 
years, rates of sequencing and analysis in 
excess of lo3 kb per year are required. A low 
rate of insertion and deletion errors is es- 
sential, since one of the main objectives is 
the identification of ORF's (open reading 
frames) that code for proteins. We have 
developed a process with three overlapping 
stages-production, finishing, and analysis. 
The production stage includes automation 
of most steps in the Sanger dideoxy method 
(1 1). Libraries were constructed from lamb- 
da clones in an M13 vector. The M13 
library clones were grown in microtiter 
dishes, single-stranded DNA template was 
isolated in a parallel process, sequence re- 
actions incorporating internal 35S were per- 
formed robotically by a pipetting machine, 
electrophoresis through large format gels 
was used to resolve sequence, and autora- 
diograph films were scanned photoelectri- 
cally into computers where individual se- 
quences were merged into overlapping con- 
tiguous segments (the assembly process). 
The production stage was effected by a 

relatively small team of technicians aided 
by student workers. At this point examina- 
tion of the sequence data was limited to 
quality control checks. Ambiguities, where 
several determinations of an individual nu- 
cleotide (nt) differed (1 2), averaged about 1 
Der 100 nt. 

A second team, working with computer 
assistance, conducted the finishing stage 
(1 3). Human editing of the computer-gen- 
erated alignments reduced ambiguities to 
about 1 in 200 nt and the autoradiograph 
lanes where data required proofreading were 
identified. Deferral of proofreading until 
after initial assembly saved time and re- 
duced costs. In regions where data re- 
mained ambiguous, the finishing team re- 
auested additional data. which could in- 
volve special treatments, from the data 
production team. Next, a computer-aided 
examination for ORF's, codon usage fre- 
suencies. and similarities to database en- 
tries was used to further refine the se- 
quence. A translated frame could often be 
distinguished by its codon distribution or by 
similarity of its predicted amino acid se- 
quence to a known protein. The sequence 
was scrutinized for potential insertion or 
deletion mistakes where the  referred trans- 
lation frame shifts inexplicably or where the 
match to a protein in a database reauired a 
frameshift in our sequence. Caution was 
required since many database entries were 
themselves in error, and in some cases the 
authentic sequence contained a mutation. 
At this stage an attempt was made to 
resolve differences between our sequence 
and those reported by others; sometimes 
those individuals who had reported con- 
flicting data were consulted. Altogether, 
finishing reduced the rate of ambiguities to 
about 1 per 600 nt. 

During the analysis, the annotations for 
submission to the EMBL and GenBank 
sequence databases were prepared. These 
included the ORF's, identified where possi- 
ble with known genes or proposed func- 
tions, and proposed transcriptional units. 
Features of interest such as re~etitive ele- 
ments were also noted. Genes or functions 
were identified by comparisons with Bach- 
mann's genetic map (3) and the databases, 
and occasionally by correlating known re- 
striction maps with sequence-based predic- 
tions. Proposing the start points of genes 
was particularly difficult; we normally chose 
the ATG or GTG codon farthest upstream. 
A collection of amino-terminal sequences 
of E. coli proteins compiled by Church and 
Link (14) proved useful in this regard. 

Transcription units were suggested by 
the arrangement of genes. To locate pro- 
moters of transcriptional units, a matrix 
search derived from in vitro measurements 
of Moyle et al. (15) was used to obtain 
consensus sequence matches which were 
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Fig. 1. (continued). 
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Fig 1. Map of the finished sequence and its features, proceeding left to right in eight tiers. Top line 
shows restriction sites for ten enzymes and calculated bend sites (*). Large open arrows, ORF's 
identified with the gene name if known; unidentified ORF's are designated o or f for the two 
transcriptional orientations with the numbers indicating the predicted peptide length. Tentative 
identifications are indicated beneath by a question mark. Dashed arrows represent proposed 
transcriptional units. Filled thick arrows, RNA genes; horizontal stripes, repeated sequence 
elements; shaded boxes, gene-free regions (gray holes); hatched lines, lambda clones; filled thin 
arrows, database (GenBank-EMBL) entries with accession number. Promoters are denoted by open 
triangles in the appropriate orientation, terminators by L (inverted for the reverse orientation). The 
dotted line below the features of 65 kb indicates a deletion in GenBank entry X03155. The sequence 
derived from the map is in GenBank as M87049, in which all of these features and the conflicts with 
other sequences are annotated. 

scored from 0 to 100. More than 6100 
promoters were found that might function 
in vitro. This list was pruned by a four-step 
algorithm that considered both promoter 
score and position relative to ORF's; it 
removed weak promoters near strong ones 
on the same strand, identified the strongest 
one or two promoters at the beginning of 
each proposed gene regardless of actual 
strength, eliminated all but the strongest 

promoters within proposed genes on either 
strand, and removed weak promoters in 
gene-free regions. The pruning algorithm 
produced about 200 promoter candidates 
that were examined individually by eye, 
resulting in 54 proposed promoters ranging 
in score from 39 to 88. A search for Rho- 
independent terminators (1 6) located ap- 
propriately spaced inverted repeats followed 
by a succession of T residues. 
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Static bend sites were located by calcu- 
lating the trajectory of the 91-kb DNA 
segment (1 7) and then scoring the angular 
deviation of the path over 100-nt segments. 
We noted 23 sites where the predicted devi- 
ation from straight exceeded 72 degrees. 

The restriction map and features of the 
sequence are shown in Fig. 1. Features 
include RNA genes, repeats, bend sites, 
and gray holes as well as the ORF's, pro- 
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moters and transcription terminators that 
make up the proposed transcription units. 
A list of the genes and their assigned names 
(18) and the peptides coded and their 
physical characteristics was compiled (Ta- 
ble 1). The 82 ORF's cover 84.2 percent of 
the sequence. Of these, 34 are genes whose 
functions have yet to be determined. Some 
of these are probably the ORF's for the 12 
genes listed in Table 2, which map to this 
region by genetic experiments, but are not 
yet sufficiently characterized to correlate 
with ORF's. Eight transfer RNA (tRNA) 
genes accounted for 0.7 percent and ribo- 
somal RNA (rRNA) genes accounted for 2.6 
percent of the sequence. Intergenic regions 
represented 12.5 percent. 

Sequence features. The following five 
items can be considered as the map is exam- 
ined. 

1) The sequence begins with tRNA 
genes aspT and trpT at the 3' end of rmC. 
The tRNA genes argX, hisR, leuT, and 
proM are found between sequence coordi- 
nates 35486 and 35922, and at the end of 
the sequence are genes for the 16s rRNA, 
two spacer tRNA's, and part of the 23s 
rRNA of the rrnA locus. 

2) The repeated sequences include re- 
petitive extragenic palindromic (REP) ele- 
ments (not to be confused with the rep 
gene); these are scattered throughout the E. 
coli genome and are made up of consensus 
inverted repeats called REP sequences. Sev- 
eral functions have been attributed to 
them, such as a role as structural units 
involved in chromosome architecture, and 
as DNA gyrase binding sites (1 9). There are 
REP elements in five locations in this se- 
quence (Fig. I) ,  composed of one to six 
REP sequences each. In all cases, adjacent 
genes are transcribed in opposite directions 
converging on an REP element. The ubiB 
and fadBA transcription units converge on 
an REP element consisting of six copies of 
the REP sequence; this is the most complex 
REP element in this sequence. In these 
cases, the REP elements may function as 
transcription terminators. 

The genomes of various enterobacteria 
contain a family of repeated DNA sequence 
elements known as either IRU's (intergenic 
repeat units) or ERIC'S (enterobacterial 
repetitive intergenic consensuses) (20). 
There are two IRU's in the sequence that 
we describe, and both have been noted 
previously; they are in the promoter region 
between metR and metE (20) and between 
mmrA and @PA (2 1). The function of this 
sequence element is unknown. 

3) There are 23 bend sites, with pre- 
dicted deviations of more than 72 degrees 
per 100 nt. Of these, 15 are found in coding 
regions, often near one end. Although this 
analysis suggests that the sites are frequent 
in E. coli, their significance is unknown. 

One bend was previously documented: near 
the ORF o 12 1 (Fig. 1) is a GenBank-EMBL 
entry X05967 containing the sequence 
"bentl9," isolated in an experiment de- 
signed to identdy fragments with static 
bends. It is actually two separate DNA 
fragments accidentally joined during clon- 
ing. The first fragment is from about 95 
minutes on the E. coli map, while the 
second fragment is located within the re- 
gion described here. Our computer analysis 
shows that this fragment and not the one at 

95 minutes contains a static bend of 72 
degrees. 

4) There are three areas in this se- 
quence, ranging in size from 0.6 to 0.8 kb 
and covering 2.3 percent of the sequence, 
which contain no potential coding regions 
of more than 100 amino acids (aa). Smaller 
ORF's in these regions might actually en- 
code small proteins (Ilv M is only 87 aa). 
However, these sequences may have no 
function, or they may be pseudogenes or 
gene remnants (22). Other identifiable 

Table 1. The 92 genes in the described sequence, and predicted characteristics of encoded 
proteins. Gene names are those used in the most recent E, coligenetic map (3 ) ;  alternative names 
and tentative assignments are listed in parentheses. In addition, mapped genes have been 
assigned "identifiers" (CGSC site numbers) in a database maintained by the E. coli Genetic Stock 
Center (18). The sequences of 37 of the genes have the following GenBank-EMBL accession 
numbers (when a gene has been sequenced more than once, only a single database entry is 

Gene name CGSC No. Endpoints First.. .last Molecular s i q  pI Ref. 
codon W) 

~ P T  989 10 > 86 
W T  66 95 > 170 
f198 862 c 269 
f133 (pssR?) 18010 1104 c 706 
0137 1223 > 1633 
f516 3135 c 1588 
ilvL 3458 > 3553 
ilvG 603 3696 > 4676 
022 1 4675 > 5337 
ilvM 18214 5337 > 5597 
ilvE 605 5620 > 6546 
ilvD 606 6645 > 8459 
ilvA 609 8465 > 10006 
ilvY 598 10954 c 10064 
ilvC 607 11104>12576 
rep 303 13803 > 15821 
~ P P A  664 17355 < 15871 
mmrA (rhlB) 18151 18756 c 17494 
trxA 65 18833 > 19213 
rho 288 19543 > 20800 
rfe 294 21042>22142 
0349 22154 > 23200 
0389 23217 > 24383 
0379 (m?) 24383 > 25519 
035.5 (rfSE?) 25643 > 26707 
0292 26729 > 27604 
01 81 (@A or MC?) 27714 > 28256 
0299 (@A or r f fC?)  28264 > 29160 
0416 (@A or r f fC?)  29392 > 30639 
0716 ( r 3 ~ ~ )  30639 > 32786 
0246 o$W 33067 > 33804 
0461 34098 > 35380 
argX 17749 35486 > 35562 
hisR 625 35620 > 35696 
leuT 565 35717 > 35803 
proM 17626 35846 > 35922 
atsB (aslB) 36069 > 37304 
atsA (aslA; gppB) 39118 c 37463 
hemY 40991 c 39798 
hemX 42175 c 40997 
hemD 645 42937 c 42200 
hemC 646 43896 c 42937 
& 902 44262 > 46805 
f106 47168 c 46851 
0161 (cyaX) 46959 > 47441 
drrpF 17713 47868 > 48692 
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ATG ... TGA 
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ATG...TGA 
ATG...TGA 
ATG...TGA 
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ATG...T AG 
ATG...T AA 
ATG...TAG 
ATG...TAA 
ATG...TAA 
ATG. ..TGA 
TTG...TGA 
ATG ... TAA 
ATG ... TAA 
ATG. ..TGA 

tRNA 
tRNA 

22.4 198 
15.3 133 
16.3 137 
56.2 516 
3.2 32 

34.5 327 
24.8 221 
9.7 87 

34.2 309 
64.4 605 
56.2 514 
33.2 297 
54.1 491 
76.9 673 
54.9 494 

33.2 299 
44.9 416 
82.0 716 
27.8 246 
50.6 461 

tRNA 
tRNA 
tRNA 
tRNA 

46.6 411 
60.7 551 
45.2 398 
43.0 393 
27.8 246 
34.6 320 
97.6 848 
12.2 106 
17.3 161 
30.4 275 



functions have not been detected, at least 
by the available methods with our current 
criteria. The term "gray hole" is coined for 
such areas, not previously described in bac- 
teria, although a similar feature is found in 
phage lambda (23). 

5) Identified genes and transcription 
units are described in order from left to 
right along the map in Fig. 1. Only those 
coding regions with unexpected or specific 
points of interest are discussed. Their loca- 
tions are listed in Table l. 

The first potential protein coding region 
is a leftward transcription unit that contains 
two ORF's. Of these, the predicted f133 
product shows similarity to the LysR family 
of bacterial regulatory proteins (24); with 
E. coli IlvY, OxyR, CysB, and LysR, scores 
range from 26 to 41 percent (25). At 133 
aa, this candidate peptide is smaller than 
other members of the LysR family. f l98 just 
downstream and overlapping has no pro- 
moter and may be part of f133. This could 
be explained by an undetected error in our 

Table 1 (continued) 
noted): aspT, trpT [K02846]; ilvL, ilvG, ilvM, ilvE, ilvD, ilvA [M10313]; ilvY, ilvC [MI 16891; rep 
[X04794]; gppA [Ma331 61; rhlB [X56310]; trxA [MI 27791; rho [J01673]; rfe [M76129]; argX, hisR, 
IeuT, proM [KO1 9941; aslB, aslA [M90498]; hemD, hemC [XI 261 41; cyaA [X01653]; dapF [XI 29681; 
xerC [M38257]; uvrD [X00738]; pldA [X02143]; recQ [M30198] ; pldB [X03155] ; metR [M37630]; 
udp [XI 56891; fre [M61182]; fadA, fadB [M59368]; pepQ [X54687]. 

Gene name CGSC No. Endpoints Fist.. .last )4olecular size pI Ref. 
codon 1 (aa) 

0235 
xerC 
0238 
uvrD 
f125 
f161 
corA 
f126 
f138 
PO0 
f161 
P I ~ A  
rece 
0128 
f138 

01 71 
0299 
metR 
metE 
&P 
0475 
0251 
0200 
0121 
0296 
0121 
0261 
0154 
0131 
0206 
0113 
rfaH (sfB) 
0394 
0100 
ubiB Ifre; luxG) 
f a d  
fa& 
P~PQ 
0205 
0431 
0181 
rrsA 
ileT 
akir 
rrlA 

ATG ... TGA 26.7 235 
ATG ... TAA 33.8 298 
ATG...TAA 27.1 238 
ATG ... TAA 82.0 720 
GTG. ..TAA 13.9 125 
ATG ... TGA 17.8 161 
ATG...TAG 39.9 344 
ATG...TGA 14.6 126 
ATG...TAG 15.8 138 
ATG...TAA 33.7 300 
ATG ... TGA 17.9 161 
ATG. ..TGA 33.2 289 
GTG ... TAG 68.3 610 
GTG...TGA 13.9 128 
GTG. ..TGA 15.3 138 
ATG ... TAA 38.7 340 
GTG...TGA 19.4 171 
GTG ... TAA 33.7 299 
ATG ... TAA 35.7 317 
ATG. ..TAA 85.1 753 
ATG...TAA 27.2 253 
GTG. ..TAG 54.7 475 
ATG ... TGA 28.1 251 
ATG ... TGA 22.2 200 
ATG ... TGA 14.0 121 
GTG ... TGA 34.4 296 
ATG ... TGA 13.9 121 
GTG. ..TAA 27.7 261 
ATG ... TAA 17.5 154 
GTG...TAA 14.5 131 
ATG...TGA 22.7 206 
GTG ... TAG 12.9 113 
ATG ... TAA 18.3 162 
ATG ... TAA 43.9 394 
GTG ... TGA 11.2 100 
ATG. ..TGA 26.3 233 
ATG ... TAA 40.9 387 
ATG...TAA 79.6 729 
ATG ... TGA 50.2 443 
GTG ... TAA 21.9 205 
ATG...TGA 47.7 431 
GTG ... TAA 21.2 181 

rRNA 
tRNA 
tRNA 

rRNA (partial) 
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sequence, or by a mutation, as in ilvG 
(discussed below), or by a frame-shifting 
codon. The LysR family proteins activate 
transcription of other genes, and in most 
cases one activated gene is transcribed di- 
vergently from the same promoter region 
(for example, ilvY and ilvC; metR and 
metE) . 

The next O W ,  01 37, is thus a candidate 
for such a regulated gene. We suggest that 
f133 may be pssR, a regulatory gene of 
phosphatidylserine synthetase, which has a 
role in biosynthesis of a minor membrane 
phospholipid and maps to this area (26). In 
that case 0137 may serve some function in 
phospholipid synthesis. 

The ORF f5 16 shows weak similarity to 
a subunit of magnesium chelatase from 
Rhodobacter capsulatus (27). However, Cop- 
pola et al. (28) did not detect the product of 
f516 (their O W  111) in maxicells and sug- 
gest a smaller in-frame peptide (their ORF 
1). 

The well-studied ilw locus (3,458 to 
12,576) codes for seven proteins, IlvG, D, 
M, E, A, Y, and C plus a leader peptide, 
IlvL. The K-12 strains carry a frameshift 
mutation in ilwG, resulting in premature 
termination of the protein (29). 022 1 is the 
"missing piece" eliminated from the car- 
boxy terminus of iluG. iluY, encoding the 
regulatory protein, and ilwC are transcribed 
divergently. 

The genes rep, @A, mmrA, trxA, and 
rho are interspersed with two repetitive 
DNA elements, REP and IRU. The first 
gene codes for the rep helicase. Our data 
differ from the reported sequence by a single 
nucleotide insertion, lengthening the pro- 
tein at the -COOH end and extending its 
previously noted similarity with uvrD (30). 
We identified @pA from the restriction 
map in Kalman et al. and from complemen- 
tation data (2 1). This gene codes for gua- 
nosine pentaphosphatase, part of the strin- 
gent response system of regulation. The 
next ORF is identified as mmrA (3 1 ) , which 
maps near rep and functions in postreplica- 
tion repair. 

The peptide sequence shares similarities 
with members of the DEAD (Asp-Glu-Ala- 
Asp) family of proteins that exhibit RNA- 
dependent adenosine triphosphatase (AT- 
Pase) and, in some cases, helicase activity 
(32, 33). The appropriateness of these 
characteristics for a role in postreplication 
repair, along with the absence of other 
candidates in the region, is the basis for this 
gene assignment. The same O W  (termed 
rhlB) was also sequenced by Kalman et al. 
(21) in a specific search for DEAD-family 
genes. The gene trxA (34) codes for thio- 
redoxin and is transcribed divergently from 
the same promoter region as mmrA; the rho 
gene codes for the transcription termina- 
tion factor Rho (35). 



Table 2. These genes have been genetically mapped to this general region (3) but have not been 
correlated with particular ORF's. For example, kdsB (CGSC No. 18202; cTP:CMP-3-deoxy-~- 
mannooctulosonate cytidylyltransferase) was mapped at 85 minutes and has been sequenced (62); 
however, the sequence does not match any of our data, and examination of the restriction map 
derived from the data indicates that kdsBactually maps at about 20.5 minutes [ (7 ) ;  our unpublished 
observations] 

Gene CGSC No. Phenotypic trait affected 

prlB 
ridB 
bfm 
bioP (birB) 
fcsA 
fexB 
fipB 
hemG 
tabC 
chlB 
ubiD 
ubiE 

Protein export 
Transcription and translation; rifampicin dependence 
Phage BF23 multiplication 
Biotin transport 
Cell division; septation 
f e d  phenotype affected 
Morphogenesis of phage F1 
Protoporphyrinogen oxidase activity 
Development of phage T4 
Nitrate reductase; biosynthesis of molybdopterin 
3-Octaprenyl-4-hydroxybenzonate + 2-octaprenylphenol 
2-Octaprenyl-6-methoxy-1,4-benzoquinone + 

2-octaprenyC3-methyl-6-methoxy-1,4-benzoquinone 

Region 21,040 to 33,870 contains 11 
ORF's, all transcribed rightward, and sev- 
eral transcriptional units are proposed with- 
in which the genes are arranged head to tail 
with very little intergenic space. This area 
contains the two loci, rfe and rff, which 
participate in the synthesis of the entero- 
bacterial common antigen (ECA) (36). 
ECA consists of multiple repeats of a three- 
sugar polysaccharide (N-acetyl-D-glucosa- 
mine, N-acetyl-D-mannosaminuronic acid, 
and 4-acetamido-4,6-dideoxy-D-galactose) 
linked to a glycerophosphatidyl residue an- 
choring it to the membrane. The first ORF 
in this region has been sequenced (37) and 
identified as rfe; it shows a short similarity 
to the peptidoglycan biosynthetic enzyme 
phospho-N-acetylmuramyl-pentapeptide 
transferase, encoded by the E. coli mraY (or 
murX) gene (38). Some of the succeeding 
ORF's can be tentatively assigned to E. coli 
r fJ genes on the basis of restriction mapping 
and complementation data (37) and simi- 
larities of the predicted proteins with 
known sugar processing enzymes. 

The product of 0379 displays similarity 
to the GDP-mannose dehydrogenase 
(AlgD) of Pseudomrmas aeruginosa (39); it is 
probably rfD, which encodes UDP-N-ace- 
tyl-D-mannosaminuronic acid dehydroge- 
nase. The 0355 sequence encodes a protein 
similar to UDP glucose 4-epimerase (GalE) 
of Streptomyces liuidans, galactose transfer- 
ase (GALIO) of Kluyvermnyces lactis, and 
CDP-2-tyvelose epimerase (RfbE) of Sal- 
monella typhimurium (40); it is probably fl, 
which encodes UDP-N-acetyl-D-glucosa- 
mine-2-epimerase. The product of 0292 is 
similar to a putative sugar-activating en- 
zyme (StrD) of Streptmnyces griseus (41). 
Mapping data (37) indicate that two of the 
following three ORF's, 0181, 0299, and 
0416, correspond to rrfA and rrfC. The 
0299 product is similar to the pleiotropic 

regulatory protein DegT of Bacillus stearo- 
thermophilus and the erythromycin biosyn- 
thesis enzyme EryCl of Saccharopolyspora 
erythaea (42). Finally, 0716 and 0246 are 
assigned to genes rffT and I$M. 

The peptide of 0461 is similar to amino 
acid transport proteins of E. coli (AroP), S. 
cerevisiae (PUT4), and Emericella nidulans 
(proline transport protein) and is probably a 
previously unidentified amino acid trans- 
port gene (43). The biotin transport gene 
bioP genetically maps to this area (3). 

Arylsulfatase activity is reportedly ab- 
sent in E. coli, but it produces a protein that 
cross-reacts with antiserum to Klebsiella 
aerogenes AtsA and that is regulated simi- 
larly (44). Two of our ORF sequences 
match the structural and regulator genes 
(atsA and atsB) of K. aerogenes very well 
(45). Thus atsA, for the defective arylsul- 
fatase of E. coli, and the regulator, atsB, 
have been assigned. Although atsA proba- 
bly codes for defective arylsulfatase, genetic 
evidence suggests another function (45). In 
E. coli, the ats genes are on convergent 
transcri~ts. and an REP element is located 
betwee; them; the putative atsA promoter 
matches the consensus for operons that are 
under the overall control of flhD and fEhC, 
involved in flagellar synthesis or chemotax- 
is (46). In contrast, the K. aerogenes genes 
are encoded by a single atsB-atsA transcript, 
which is followed by a Rho-independent 
terminator. 

The hem operon contains two uncharac- 
terized ORF's, hemY and hemX, and two 
genes, hemD and hemC, which code for 
uroporphyrinogen I11 synthase and porpho- 
bilinogen deaminase. Urogen I11 methylase 
may be coded by hemX (47). Following 
cyaA, two potential ORF's overlap in oppo- 
site directions. Although this is common 
because of the structure of the genetic code, 
it would be unusual if both strands were 

actually used to code functional proteins. 
Previously, o 161 has been reported as 
"cyaX" (48). On the complementary 
strand, however, f106 has an extremely 
high scoring promoter consensus and so is 
more likely to be a gene. 

Two well-studied genes, dapF for diami- 
nopimelate epimerase and xerC, required 
for site-specific recombination of ColEl, 
share a proposed transcription unit with 
two unassigned ORF's, 0235 and 0238. The 
gene for DNA helicase 11, uvrD, follows 
with its own transcri~tion unit followed bv 
an REP element consisting of two copies of 
the repeat sequence. The corA sequence 
encodes a membrane-associated protein 
with a role in Mg2+ and Co2+ ion transport 
(49) and maps near uvrD. It was identified 
by comparison with the corA sequence of 
Salmonella typhimurium (50). 

The reported sequence of pldB, encoding 
lysophospholipase L2, is followed by a spon- 
taneous deletion of 4.94 kb spanning the 
metR-metE region, termed pldBA4 (5 1). 
The divergently transcribed genes coding 
for a regulator, metR, and the gene regulat- 
ed, metE [encoding tetrahydro-pteroyltri- 
glutamate methyltransferase (3)] were iden- 
tified from the published sequence of metR 
and the beginning of metE (52). An other- 
wise uncharacterized yeast sequence may be 
the yeast homolog ofmetE (53). The 7.7-kb 
segment starting at udp, which codes for 
uridine phosphorylase (3), is transcribed 
rightward and contains 11 ORF's in six - 
transcriptional units. There is one high- 
scoring promoter consensus in the opposite 
direction, but it is not associated with an 
ORF. The gene rfaH (sfrB), a regulator of 
the tra operon of F plasmids and the rfa 
genes for lipopolysaccharide synthesis (3), 
was assigned by comparison of our data on 
the restriction map and the predicted pep- 
tide size with that of others (7, 54). 

The fre gene, coding for flavin reduc- 
tase, has been sequenced by Spyrou et al. 
(554, who cloned the gene with a probe 
designed from the amino acid sequence of 
the enzyme. We believe that this gene is 
identical with ubiB, defined by a mutation 
that blocks ubiquinone synthesis. Similari- 
ties were found to the xylene monooxyge- 
nase subunit of Pseudomoms butida and a 
subunit of a methane monooxygenase from 
Methylococcus capsulatus (56). Most strik- 
ing, however, are the similarities to LuxG, 
encoded bv an uncharacterized ORF in the 
lux operons of all marine strains of lumines- 
cent bacteria (57). Similarity indices range 
from 38 to 41 percent when the ubiB 
protein is compared to LuxG proteins from 
Vibrio harveyi, Vibrio fischeri, and Photobac- 
terium phosphoreum (56). In addition, the 
sequences from these species are as similar 
to each other as they are to that from E. 
coli. These similarities indicate that luxG 
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encodes the flavin reductase of the biolumi- 
nescence pathway; this flavin reductase had 
not previously been correlated with any gene. 

Our sequence for pepQ, encoding proline 
peptidase, differs from that reported (58) by 
an insertion of 5 nt, resulting in a shorter 
predicted protein that nonetheless includes all 
the motifs for the proline peptidase family, 
and is closer in size to other proline peptidases 
such as human proline dipeptidase (59). The 
"extra" ORF 0205 created by this difference is 
similar to a B. subtilis ORF of unknown 
function (60). The Dromoter search failed to . , 

detect a promoter for pepQ. The only other 
ORF for which a Dromoter was not found was 
recQ, where a poor candidate far upstream was 
separated from the gene by a terminator. 

Genome sequencing strategy. In the 
course of this work we designed a data pro- 
duction system that can be used with many 
sequencing strategies, varying from complete- 
ly random (sequencing randomly chosen 
clones from a library) to completely directed 
(sequencing specific clones chosen to cover 
known positions in the genome). Purely ran- 
dom strategies require collection of sequence 
data from many clones, while purely directed 
strategies instead require mapping or screen- 
ing many clones prior to sequencing only a 
small number. The most efficient combina- 
tion of random and directed strategies de- 
pends on the technologies available. We de- 
veloped a variation of the combined strategy 
made possible by construction of the M13 
cloning vector Janus. This vector contains 
elements at which an inducible site-specific 
recombination svstem acts to invert the ori- 
entation of the cloned insert with respect to 
the sequencing primer site ("flipping"). Thus, 
either strand of an insert can be sequenced 
efficiently as single-stranded DNA. Janus was 
used as the vector for DNA libraries con- 
structed from lambda clones, and random 
clones were sequenced. The sequences were 
assembled (aligned), and candidates for flip- 
ping were identified near areas requiring im- 
provement such as (i) less than fourfold cov- 
erage, (ii) data from one strand only, or (iii) 
data at the ends of contiguous segments. 
Sequence obtained from the opposite ends of 
the inserts by flipping was then added to the 
assembly. Finally, persistent poor areas or 
small gaps were sequenced by primers de- 
signed from adjacent determined sequences 
("walking"). 

Optimum efficiency should be achieved by 
choosing the correct point to switch from the 
random phase to flipping so that a minimum 
number of walking steps is needed. Analysis of 
our data suggests that sixfold redundancy in 
the random phase is appropriate, followed by 
flipping at onefold, after which this sequence 
segment needed only one walking step for 
closure (more recent data confirm that on 
average, fewer than five walking steps per 200 
kb are required). The critical advantage of 

this strategy compared to directed methods is 
that, in random sequencing, successful finish- 
ing does not depend on the success of any 
individual sequence reaction but on the total 
quantity of data obtained. 

To assure accuracy in the finished se- 
quence, our goal is that each nucleotide be 
included in at least four determinations and 
at least once on each strand. The average 
depth of coverage in this segment was 9.2. 
More than 95 percent of the sequence was 
determined at least four times, and 90 
percent was sequenced at least once on 
both strands. A weighting feature in the 
assembly software reduced the frequency of 
errors in that it emphasized the portion of 
the gel where the data were clearest. We 
began sequencing in a well-studied region 
in order to develop technical approaches 
and to assess sequence accuracy. The whole 
of the region was sequenced in this work; 
previously reported data were used only for 
comparison. Where more than one data- 
base entry existed, the sequences differed 
from each other and from our determina- 
tion by about 1 residue per 600, a value 
agreeing well with our internal estimate of 1 
error per 500 residues. 

The search programs used in the analysis 
~ h a s e  were effective but required extensive 
editing by the scientists to reduce the com- 
puter "finds" to a reasonable list. The ac- 
tivity of promoters, terminators, and other 
features depends on undetermined biologi- 
cal factors as well as on the DNA sequence, 
such as binding proteins or transcription- 
translation interactions, which have not 
yet been defined by algorithms. The prun- 
ing regime used in the promoter search 
approached the human editing function in 
this regard, but much more experimental 
data are needed before sequence analysis 
can be automated or, indeed, before the 
analyzed genome can be fully interpreted. 
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