








ers; Table 2) form a family containing the
trimer CTG, often within the pentamer
GCTGG, as also noticed by Karlin and
co-workers (34). We note that the DnaG
primase-binding site includes (or is) the
sequence CTG, with T being the template
for the first base of the RNA primer of
Okazaki fragments (35). Although there is
no direct proof implicating these sequences
in discontinuous replication, their spacing
is consistent with Okazaki fragment sizes
and their distribution is skewed toward the
leading strand, as expected. Although the
skews are significant, the most frequent oc-
tamers on the leading strand are overrepre-
sented on the lagging strand as well. Al-
though leading strand replication is highly
asymmetric in vitro, both leading and lag-
ging strands are reported to replicate dis-
continuously in vivo (36). The high abun-
dance of these proposed DnaG primase-
binding sites on both strands supports a
model in which both strands are replicated
discontinuously. The associated skews im-
ply that the leading strand has fewer sites
for Okazaki initiation.

The recombinational hotspot Chi (37,
38), the third most abundant octamer of the
leading strand, also contains the proposed
DnaG primase-binding site. In fact, none of
the frequent octamers differs from Chi by
changes known to inactivate the recombi-
national activity of Chi (37, 38). Hence, it
is possible that other members of the family
may display Chi activity. As noted earlier
(14), the Chi site is markedly skewed
toward the leading strand. One must skip
to the 251st most frequent octamer,
GCAGGGCG, to locate a higher skew
(57%) than that of the Chi site (50%) (Fig.
2, lines 8 and 9). Chi sites are implicated in
RecBCD-mediated recombination (37),
and as part of this process it is supposed that
single-stranded DNA intermediates having
Chi at the 39 end are formed, which then
invade the recipient chromosome to form a
“D loop.” This implies the existence of a
Chi site on the displaced strand. If the CTG
of Chi is also a primase binding site, Oka-
zaki initiation at Chi could facilitate strand
assimilation by branch migration. Kuzmi-

nov has recently proposed a role for Chi
sites in the recombinational repair of col-
lapsed replication forks, which may explain
their extreme skew (38), but a secondary
role as a primase-binding site may be suffi-
cient to explain this bias.

Rare tetramer CTAG. It is well known
that the palindromic tetramer CTAG is
extremely rare in E. coli, with an abundance
5% of that predicted from the base compo-
sition. Various explanations have been of-
fered (39, 40). In Table 3 we have analyzed
its distribution in various subsets of the
genome. Clearly, the rarity of CTAG is
most pronounced in protein-coding regions.
Its occurrence is considerably higher in in-
tergenic DNA, but it is surprisingly abun-
dant in genes coding for structural RNAs,
especially in that minuscule portion of the
genome that codes for tRNAs. Danchin and
co-workers (40) have hypothesized that
CTAG may “kink” DNA and thereby in-
terfere with function. It is also possible that
some peculiar folding behavior of CUAG in
RNA might interfere with mRNA function
while having no negative effect on stable
RNA species.

Newly Proposed Genes and
Previously Mapped Genes

Six new tRNA genes. In this study we
discovered six new tRNA genes. Four of
the genes—valZ, lysY, lysZ, and lysQ (posi-
tions 780,291 to 780,875)—are part of the
lysT operon and consist of a duplicate of
valT and three duplicates of lysW. The oth-
er two genes form single-gene transcrip-
tional units: asnW (positions 2,056,049 to
2,056,124) is a duplicate copy of asnT, and
ileY (positions 2,783,782 to 2,783,857) is a
near copy of ileX, differing in a single com-
pensating base pair change in the amino-
acyl stem of the tRNA (C6zG67 in ileX,
A6zT67 in ileY).

An operon for degradation of aromatic com-
pounds. Six E. coli enzymes are known to
constitute a pathway for the degradation of
aromatic compounds such as phenylpropi-
onate, but only two of the genes have been
previously identified, mhpB and mhpE (41).

On the basis of similarity searches, we are
confident that there is an operon that starts
with the monooxygenase gene mhpA, fol-
lowed by the known dioxygenase gene mhpB,
the hydrolase gene mhpC, the hydratase gene
mhpD, the dehydrogenase gene mhpF, and
the known gene mhpE coding for 4-hydroxy-
2-oxovalerate aldolase. All the genes (posi-
tions 367,835 to 373,095; b0347 to b0352)
are in the same order as the enzymes of the
pathway. We propose that the next gene
upstream (positions 366,811 to 367,758;

Table 1. G-C skew for each of the three codon positions, calculated separately for the coding strand of
2357 forward genes (whose coding strand is the leading strand) and 1929 backward genes (whose
coding strand is the lagging strand). The net skew attributable to replication direction is the difference
between the values for the forward and the backward genes divided by 2.

Position Forward genes Backward genes Average
G-C skew

Net G-C skew
attributable to

replication direction

1 19.41 16.08 17.74 1.66
2 –9.34 –11.79 –10.57 1.22
3 7.99 –0.48 3.75 4.23

Average 6.02 1.27 3.64 2.37

Table 2. Frequent octamers and their skew. The
24 most frequent octamers are ranked by fre-
quency of occurrence on the leading strand (oc-
tamers with the same frequency of occurrence are
ordered alphabetically). Frequent octamers that
are reverse complements of frequent octamers
are identified by their rank (in parentheses) beside
that of their complement. All primary sequences
are aligned by the CTG trimer. The average spac-
ing for nonoverlapping sequences from this list is
on the order of 1.3 kb. The percent skew is 100 3
(f – f9)/(f 1 f9), where f is the frequency of an
octamer and f9 that of its reverse complement.

Rank Octamer Skew
(%) Count

1 (9) cgCTGgcg 15.6 867
2 (16) ggcgCTGg 19.6 826
3 (5 Chi) gCTGgtgg 50.8 761
4 (17) gCTGgcgg 13.1 719
5 (11) tgCTGgcg 9.4 719
6 gcgCTGgc 17.2 691
7 tggcgCTG 15.4 677
8 (24) gCTGgcgc 12.6 659
10 cgCTGgtg 27.0 617
12 CTGgcggc 16.2 589
13 CTGgcgca 13.2 575
14 gCTGgcga 9.4 570
15 TGgcggcg 19.3 561
18 aaCTGgcg 12.5 543
19 gCTGgaag 11.0 538
20 CTGgcgcg 15.4 524
21 gcgCTGga 16.4 519
22 CTGgcgaa 14.9 515
23 tgCTGgtg 29.1 515

Table 3. Distribution of CTAG sequences.

Category of DNA CTAG
count

Average
spacing

All E. coli 886 7161
Protein-coding

sequence
569 7159

TAG terminators 67
REP sequences 4 6144
All non–protein-coding

sequences
317 1782

Regulatory regions 251 1999
rRNA genes 46 697
tRNA genes 13 514
10Sa RNA (ssrA) 2 233
RNase P M1 RNA

(rnpB)
1 377

Expected from base
composition

18,101 256
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b0346) may be the regulator for this path-
way, because this sequence is similar to a
number of transcriptional regulators.

A second operon for degradation of aromat-
ic compounds. We have found a previously
unrecognized set of E. coli genes (positions
2,667,052 to 2,671,269) that resemble
Pseudomonas genes for the degradation of
the aromatic compounds toluene, benzene,
and biphenyl (42). The first three genes
(b2538 to b2540) encode the a and b sub-
units and the ferredoxin component of the
1,2-dioxygenase that opens the rings and
oxidizes carbons 1 and 2. The gene encod-
ing the last component of the dioxygenase,
the ferredoxin reductase (b2542), is sepa-
rated from the first three genes by another
ORF (b2541). The product of this ORF
resembles the enzyme dihydro-1,2-diol de-
hydrogenase, which acts on the product of
the dioxygenase to generate catechol. This
proposed operon is preceded by a divergent-
ly transcribed ORF (b2537) resembling a
number of transcriptional regulators, which
may be involved in the regulation of the
genes. We do not know the substrate for
this operon, or whether it has enzymes with
sufficiently broad specificity to use several
related substrates. It is also not clear how
catechol might be further metabolized. In
Pseudomonas catechol is normally metabo-
lized by either an ortho or meta pathway,
and E. coli has some very distant sequence
similarities to some of the meta pathway
enzymes, especially to the penultimate step.
In addition, MhpB can metabolize catechol

at a slow rate (41). Further research will be
needed to determine whether this is a phys-
iologically significant pathway, and if so,
under what conditions.

Flagellar operons nearly identical to those of
Salmonella. Escherichia coli has an array of 14
flagellar synthesis genes (b1070 to b1083),
only two of which have been previously
reported: f lgM and f lgL. One additional gene
is involved with initiation of filament assem-
bly: f lgN, which precedes f lgM, a negative
regulator of flagellin synthesis. In the region
between f lgM and f lgL, we identified ho-
mologs of the Salmonella typhimurium f lgA
(basal-body P-ring formation), f lgB (putative
flagellar basal-body formation protein), f lgC
(putative flagellar basal-body formation pro-
tein), f lgD (basal-body rod modification pro-
tein), f lgE (f lagellar hook protein), f lgF
(putative f lagellar basal-body formation pro-
tein), f lgG (f lagellar basal-body formation
protein), f lgH (f lagellar L-ring protein pre-
cursor), f lgI (f lagellar P-ring protein precur-
sor), f lg J (f lagellar protein), and f lgK (f lagel-
lar hook-associated protein 1) genes. The
gene arrangement of this cluster (positions
1,128,637 to 1,140,209) is identical to that
of the cluster at 26.5 centisomes on the
Salmonella chromosome. In fact, the entire
f lagellar systems of E. coli and S. typhimurium
are essentially identical in most respects,
with the current organization of genes pre-
dating the divergence of these two species
(43). Two additional genes (b1068 and
b1069), preceding the f lg genes, show strong
similarity (81% and 94% identity, respec-

tively, as well as near-equal length) to mviM
and mviN, two Salmonella virulence factors
(43). Homologs of both mviM and mviN also
have been identified in Haemophilus (3).

Open reading frames and gene function
class assignments. Figure 3 is a detailed
graphical presentation of the genome show-
ing the arrangement of putative and known
genes, operons, promoters, and protein
binding sites. Of the 4288 ORFs annotated
in the sequence, 1853 are previously de-
scribed genes. (A complete listing of E. coli
ORFs is available at www.genetics.wisc.edu/
and is likely to change as functional data
accumulate.) The distribution of start
codons is as follows: ATG, 3542; GTG,
612; and T TG, 130. There is also one AT T
and possibly a CTG (44). The distribution
of translation termination codons is as fol-
lows: TAA, 2705; TGA, 1257; and TAG,
326. We assigned 405 genes with the start
codon overlapping the preceding stop, dis-
tributed as follows: ATGA, 224; TAATG,
98; TGATG, 48; GTGA, 28; TAGTG, 4;
and TTGA, 3. The most common overlap
in phage lambda is also ATGA (45).

The 4288 ORFs were searched for
matches to the Link database of peptides
excised from two-dimensional gels (19).
These searches confirmed the expression of
30 hypothetical ORFs. In addition to the
194 Link sequences annotated in SWISS-
PROT release 34, our searches identified
nine NH2-terminal sequences correspond-
ing to dsbA, b2548, gcvT, glpQ, trpB, ydfG,
ygaG, ygiN, and yif E.

The longest ORF encodes a 2383–amino
acid protein of unknown function, resem-
bling several bacterial attaching and effac-
ing proteins and invasins—virulence factors
in pathogenic strains of E. coli and other
enteric bacteria (46). The average ORF size
is 317 amino acids; there are four ORFs in
the range 1500 to 1700 amino acids, 51 in
the range 1000 to 1500 amino acids, and
381 that are smaller than 100 amino acids.
In general, it was difficult to assign small
ORFs unless they exhibited typical E. coli
codon usage or had been characterized bio-
chemically (for example, leader peptides).

Two complementary catalogs were de-
vised originally to classify functions of E.
coli gene products, one for broad functions
of the gene product (for example, enzyme,
regulator, or transport protein) and another
for specific physiological roles in the cell
(47). A simplified composite system was
devised to represent E. coli gene products
ranging from precisely known to loosely
attributed functions in Fig. 3. Table 4 sum-
marizes the functional class assignments
used to classify each ORF. Pending the
location of the coding sequences for 383
known E. coli proteins that are not yet
associated with ORFs, nearly 40% of the

Table 4. Distribution of E. coli proteins among 22 functional groups (simplified schema).

Functional class Number Percent of
total

Regulatory function 45 1.05
Putative regulatory proteins 133 3.10
Cell structure 182 4.24
Putative membrane proteins 13 0.30
Putative structural proteins 42 0.98
Phage, transposons, plasmids 87 2.03
Transport and binding proteins 281 6.55
Putative transport proteins 146 3.40
Energy metabolism 243 5.67
DNA replication, recombination, modification, and repair 115 2.68
Transcription, RNA synthesis, metabolism, and modification 55 1.28
Translation, posttranslational protein modification 182 4.24
Cell processes (including adaptation, protection) 188 4.38
Biosynthesis of cofactors, prosthetic groups, and carriers 103 2.40
Putative chaperones 9 0.21
Nucleotide biosynthesis and metabolism 58 1.35
Amino acid biosynthesis and metabolism 131 3.06
Fatty acid and phospholipid metabolism 48 1.12
Carbon compound catabolism 130 3.03
Central intermediary metabolism 188 4.38
Putative enzymes 251 5.85
Other known genes (gene product or phenotype known) 26 0.61
Hypothetical, unclassified, unknown 1632 38.06

Total 4288 100.00*

*Total of these rounded values is 99.97%.
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ORFs are completely uncharacterized. This
is similar to the proportion of unassigned
ORFs in other recently sequenced bacterial
genomes: Haemophilus influenzae (43%),
Synechocystis sp. (45%), and Mycoplasma
genitalium (32%) (3).

The largest well-defined functional
group consists of 281 transport and binding
proteins, and there are an additional 146
putative transport and binding proteins. In
contrast, 123 transport proteins have been
identified in Haemophilus and 34 in Myco-
plasma (3). Whether this difference reflects
a larger number of substrates to transport,
greater specificity of particular transporters,
or greater redundancy in E. coli is not yet
clear. In sharp contrast, the number of pro-
teins involved in translation is similar for E.
coli (182), Haemophilus (141), and Myco-
plasma (101).

On the basis of 1827 characterized E. coli
proteins, Riley and Labedan (48) described
75 pairs of isozymes, or multiple enzymes
with identical or nearly identical function.
An additional 11 groups of potentially re-
dundant enzymes have been identified
among the newly sequenced ORFs. Al-
though sequence similarity and functional
overlap are not synonymous, these highly
conserved proteins [point accepted muta-
tions per 100 residues (PAM) , 110] are
likely to carry out the same physiological
function.

We have not yet attempted to represent
proteins with multiple roles that depend on
physiological circumstances. On the basis of
our present knowledge, one-fourth of the
cell’s resources are devoted to small-mole-
cule metabolism and about one-eighth to
large-molecule metabolism, and at least
one-fifth of the cell’s resources are associat-
ed with cell structure and processes. Of
course, this distribution may be altered
when the specific functions of the remain-
ing 40% of the gene products become
known.

Homology between E. coli proteins and the
other sequenced genomes. Figure 3 also pre-
sents comparisons of the 4288 E. coli pro-
teins with data from five other complete
genomes (3), representing the three major
kingdoms. There are two components to
the significance of each database hit: the
degree of similarity between the aligned
proteins, and the amounts of the two pro-
teins that are alignable. In Fig. 3, we have
plotted a simple index that takes both com-
ponents into account.

To provide a preliminary estimate of the
number of orthologous sequences shared by
E. coli and each of these other complete
genomes, we counted only matches includ-
ing at least 60% of both proteins in an
alignment with at least 30% identity. Each
protein from another species was permitted

only one match to an E. coli protein. The
largest number of matches to E. coli is found
in the Haemophilus influenzae genome (1.83
Mb encoding 1703 proteins with 1130 hits
to E. coli proteins). Haemophilus, like E. coli,
is a member of the gamma subdivision pro-
teobacteria, making it the most closely re-
lated complete genome available for consid-
eration (49). We also compared two addi-
tional eubacterial genomes: Synechocystis sp.
(3.6 Mb, 3168 proteins, 675 hits) and My-
coplasma genitalium (0.58 Mb, 468 proteins,
158 hits). All four eubacteria have 111
proteins in common.

The numbers of matches across kingdoms
in the archeon Methanococcus jannaschii (1.6
Mb, 1738 proteins, 231 hits) and the eu-
karyote Saccharomyces cerevisiae (12.1 Mb,
5885 proteins, 254 hits) are remarkably sim-
ilar to each other. However, according to our
significance criteria, only 16 proteins are
conserved among all six taxa; they are largely
translation proteins, including seven ribo-
somal proteins and two aminoacyl syntheta-
ses. One is classified as a hypothetical ORF
in E. coli, Saccharomyces, and Methanococcus,
but is described as a putative O-sialoglyco-
protein endopeptidase in both Haemophilus
and Mycoplasma on the basis of similarity to
a Pasteurella haemolytica protein (50).

Nearly 60% of E. coli proteins have no
match in any other complete genome con-
sidered. These may represent the subset of
proteins specific to enterobacterial or E. coli
processes as well as insertion elements and
phage with restricted host range. The 629
proteins shared exclusively by Haemophilus
and E. coli include new genes acquired in
this lineage. The 292 proteins common to
E. coli and just one of the other four species
are indicative of numerous gene losses over
the course of genome evolution. This pre-
liminary analysis of similarity among se-
quences of complete genomes provides
many avenues for further study.

Similarity among E. coli proteins. Also
presented in Fig. 3 is a comparison of all the
proteins of E. coli with each other. These
can be divided into families defined by se-
quence relatedness (5). A paralogous family
is generally composed of proteins within a
single species with similar, though not nec-
essarily identical, functions. We define pu-
tative paralogs as ORFs that share at least
30% sequence identity over more than 60%
of their lengths. The similarity index for the
best putative paralog of each gene is plotted
in Fig. 3. Many E. coli proteins—1345—
have at least one paralogous sequence in
the genome. The relative size of a gene
family for each protein is also shown in Fig.
3. The largest number of significant hits to
a single protein (b1917) was 37. This pro-
tein is a member of the largest family of
paralogous proteins in E. coli, the ABC

transporter proteins. Riley and Labedan (5)
compiled a list of 54 ABC transporters
among E. coli proteins, and analysis of the
proteins from the complete genome reveals
an additional 26 members of this family.
Determination of the number of indepen-
dent paralogous groups requires a careful
examination of all the matches to a partic-
ular protein, followed by inspection of all
hits to proteins contained within the initial
list of matches (5), and will require further
analysis.

Many proteins are members of paralogous
gene families and have significant matches
in other species. It will be difficult, if not
impossible, to unambiguously determine the
relation between similar genes in different
species when the level of divergence be-
tween orthologous genes approaches the lev-
el of divergence among paralogs within a
species. The genes in all genomes are derived
from a set of unique ancestral genes present
in a progenitor of all extant organisms. Upon
duplication of an ancestral gene, copies of
the gene may be subsequently lost through
natural selection or simply by a neutral sto-
chastic process. Alternately, the copies may
be retained as redundant systems for execut-
ing the original biological function, or they
may diverge, with one or both copies giving
rise to a novel function. This process of
duplication and divergence, along with the
occasional transfer of genes between strains
and species, gives rise to the present contents
of a genome (51). Characterization of all E.
coli paralogous groups and comparison with
groups from other species will allow exami-
nation of the evolutionary events surround-
ing protein diversification.

Operons, promoters, and protein binding
sites. Operons, promoters, and regulatory
protein binding sites are shown in Fig. 3. A
total of 2584 predicted and known operons
are represented. Of 2192 predicted operons,
a surprisingly high 73% have only one gene,
16.6% have two genes, 4.6% have three
genes, and 6% have four or more genes. All
of them have at least one promoter, either
known or predicted. Of 2405 operon regions
with predicted promoters, 68% contain one
promoter, 20% contain two promoters, and
12% contain three or more promoters. Reg-
ulatory sites are described in 603 regions
corresponding to 16% of operon regions and
10% of interoperonic regions. We estimate
that our search included representatives of
15 to 25% of the total number of different
regulatory binding proteins in E. coli, includ-
ing sites that are recognized by global regu-
lators of transcription (for example, sites
bound by the cyclic AMP receptor protein,
CRP). Within the regions with predicted
sites, 89.2% are regulated by one protein,
8.4% by two proteins, and 2.4% by three or
more proteins. In 81.2% of these regions
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only one site was found, 12.2% have two
sites, and 6.6% have three or more sites.
These numbers are more or less consistent
with the distribution of regulatory sites
among a set of promoters where transcrip-
tional regulation has been well studied. In
this collection of 132 promoters, 73% are
regulated by one protein, and 43% contain
only one site for the binding of a regulator
(52). A number of E. coli genes are part of
known operons (Fig. 3, red arrows).

Repeated sequences. A number of repeat-
ed sequences have been characterized in the
E. coli genome (53). The number and dis-
tribution of these sequences in the whole
genome are summarized in Fig. 2. The larg-
est repeated sequences in E. coli K-12 are
the five Rhs elements (all previously de-
scribed), which are 5.7 to 9.6 kb in length
and together comprise 0.8% of the genome.
They have no known function, although
strain comparisons suggest they may be mo-
bile elements. The ;40-bp palindromic se-
quences variously referred to as REP, BIME,
or PU constitute the largest class of repeats.
They are often found as tandem copies,
alternating in orientation, in complexes
called REP elements. We have located 581
such sequences, in 314 REP elements con-
taining from 1 to 12 tandem copies (see also
Fig. 1). These elements account for 0.54%
of the genome and are of unknown origin
and function. These can be subdivided into
distinct classes, as described by Bachellier et
al. (53). Of the other known small dispersed
repeats, we find four new IRU (or ERIC)
elements, for a total of 19; four new copies
of Box C, for a total of 33; and only the
previously described six copies of RSA. The
distribution of some of these repeated se-
quences may not be totally random; for
example, Box C is absent over a 1-Mbp
span in replichore 2.

Another repeated sequence found in the
E. coli genome is the Ter sequence, which
acts as a one-way gate or valve to block the
progression of the DNA replication fork
such that replication starting from the origin
is prevented from progressing beyond the
terminus marked by the dif site (54). Fran-
çois et al. (55) identified 10 different chro-
mosomal fragments with homology to an
oligomeric TerA probe, but only seven Ter
sequences (TerA through TerG) have been
identified to date. We found two new copies
of the 11-bp Ter core sequence TGTTGTA-
ACTA, both of which are located and ori-
ented as expected relative to dif.

The sequence named LDR (11) occurs
as three tandem copies at positions
1,268,308 to 1,269,848; a lone fourth copy,
shorter and diverged from the consensus of
the other copies, is located at positions
3,697,525 to 3,697,888. In the region be-
tween positions 2,875,665 and 2,902,430, a

29-bp sequence called the iap repeat is
found in three clusters of 14, 2, and 7
copies, for a total of 23 copies (53, 56). No
additional copies of either of these sequenc-
es are found in the rest of the genome.

Insertion sequences. The chromosome of
E. coli K-12 contains a number of autono-
mously transposable elements that are im-
plicated in the generation of many sponta-
neous mutations—not only by insertional
inactivation, but also by deletions, duplica-
tions, and inversions. Estimates have been
made as to the IS element set present in E.
coli K-12 when originally isolated (57). The
IS elements’ map positions are shown in Fig
2. There are two multicomponent clusters.
At positions 269,430 to 271,751, there is an
IS911-related sequence (65% match),
which we term IS911A, interrupted by a
copy of IS30. At positions 4,504,683 to
4,507,369, there is a more faithful copy of
IS911 (designated IS911B), which is also
interrupted by a copy of IS30 as well as by a
piece of IS600. This is the only IS600-
related sequence in the genome. We did not
find the copy of IS629 that had been sus-
pected from hybridization studies (58).

Cryptic prophage and phage remnants. As
originally isolated, E. coli K-12 carried
bacteriophage lambda plus the defective
lambdoid prophages DLP12, Rac, and
Qin, the element e14, and the recently
described CP4-57 (59). Defective, or cryp-
tic, prophages have lost some functions
essential for lytic growth and the produc-
tion of infectious particles, but still retain
other functional phage genes. They can
rescue mutations in related infecting bac-
teriophages by recombining with them to
generate viable hybrids. Figure 2 shows a
histogram plot presenting all sequence
matches to the phage proteins in SWISS-
PROT. In addition to clarifying the struc-
ture of the known prophages, we identi-
fied three new cryptic prophages. More-
over, we found numerous instances of iso-
lated genes that are similar to bacteriophage
genes. We call these single genes “phage
remnants” to distinguish them from the larg-
er cryptic prophages. Although this implies a
phage origin—the last vestiges of a cryptic
prophage ravaged by deletions—these genes
may actually be homologs encoded by both a
bacteriophage and its host, with no ready
indication as to which genome was the orig-
inal carrier.

We determined the precise endpoints
of e14 in MG1655 (positions 1,195,432
and 1,210,646), including terminal 11-bp
direct repeats, from the published excised
element and e14-free chromosome se-
quences (GenBank accession numbers
M19693 and M19683). The 1829-bp Pin
invertable P-region of e14 is in the (–)
orientation in this sequence. The precise

boundaries of the other lambdoid pro-
phage remain to be annotated. The “cryp-
tic P4” phage CP4-57 (59) is located at 57
minutes, where it is inserted into the sta-
ble RNA gene ssrA. The junction se-
quences (59) allowed us to identify the
extended attL and attR sequences and to
define the endpoints of the prophage
(positions 2,753,956 and 2,776,007); our
earlier report (GenBank accession num-
ber U36840) that attR was deleted in
MG1655 was a misinterpretation.

We have discovered two new cryptic
prophages, seemingly related to CP4-57,
which we name CP4-6 and CP4-44 after
their minute positions. The three CP4
prophage are organized similarly and en-
code several similar proteins, although
they do not share the same attachment
sites. We infer that CP4-6 is integrated
into tRNA gene thrW (60) because the 39
end of thrW is duplicated 34,242 bp down-
stream adjacent to b0281, a homolog of
several integrases. This prophage (posi-
tions 262,122 to 296,489) includes argF, a
known “duplicate” gene in the arginine
biosynthesis pathway that has been sug-
gested to have been acquired through a
transposition event (61). It also includes
the IS911A complex, a partial IS30 copy,
two copies of IS1, and one copy of IS5.
CP4-44 is less well defined (approximate
endpoints at positions 2,064,181 and
2,077,053) and we suspect that insertion
of the IS5 at its left end may have been
accompanied by a deletion of part of the
prophage; although it shares other ORFs
with CP4-6 and CP4-57, it has no candi-
date integrase or associated direct repeats
that might be att sites.

A third new cryptic prophage is located
in the eut operon. Its presumptive integrase
(b2442) resembles that of phiR-73, Sf6, and
the CP4 family, but no other ORFs suggest
its inclusion in the CP4 group. The end-
points of the element (positions 2,556,711
and 2,563,508) were defined by comparison
with the sequence of Salmonella typhi-
murium, from which the element is missing
(62). The 8-bp direct repeat TCAGGAAG
at the ends is present as a single copy in
Salmonella. The W3110 sequence from the
Japanese group (http://mol.genes.nig.ac.jp/
ecoli/) is missing this element, which, in
light of the K-12 pedigree, suggests that this
element is able to excise.

Conclusion

Although the determination of the com-
plete E. coli sequence has required almost
6 years, this represents only the beginning
of our understanding. Further research will
be required to determine the precise func-
tions for all of the genes by global tran-
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scriptional analysis, phenotypic analysis of
mutants, and analysis of biochemical and
catalytic properties of the expressed pro-
teins. Another fruitful avenue for explora-
tion will lie in whole genome compari-
sons— both with related pathogens to
identify those genes that confer unique
detrimental or beneficial properties, and
with other microbial genomes to ascertain
evolutionary relations.
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Fig. 3 (foldout). Map of the complete E. coli sequence, its features and similarities to proteins from five
other complete genome sequences, proceeding from left to right in 42 tiers. The top line shows each
gene or hypothetical gene, color-coded to represent its known or predicted function as assigned on the
basis of biochemical and genetic data. Genes are vertically offset to indicate their direction of transcrip-
tion. Space permitting, names of previously described E. coli genes are indicated above the line. The
second line contains arrows indicating documented (red) and predicted (black) operons. Documented
operons encoding stable RNAs are blue. Line 3, below the operons, contains tick marks showing the
position of documented (red), predicted (black), and stable RNA (blue) promoter sequences. Line 4
consists of tick marks showing the position of documented (red) and predicted (black) protein binding
sites. Lines 5 to 9 are histograms showing the results of alignments between E. coli proteins and the
products encoded by five other complete genomes. The height of each bar is a simple index of similarity:
the product of the percent of each protein in the pairwise alignment and the percent amino acid identity
across the aligned region. Line 10 indicates similarity among proteins in E. coli in the same fashion. Line
11 histograms show the logarithm of the number of proteins in the E. coli genome that match a particular
protein. Line 12 in each tier is a histogram that indicates the CAI of each ORF. Genes with intermediate
CAI values are shown in orange, genes with high CAI values (.90th percentile) are a darker shade of
orange, genes with low CAI values (,10th percentile) are light brown, and clusters of four or more genes
with low CAI values (,0.25) are yellow. The final line in each tier is a scale showing position (in base
pairs).
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thiF

hemE
purD

rrsE rrfE aceB
arp

metH
pepE lysC

pgi
xylE

lamB ubiC
plsB

lexA
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 300,000

cutF
rcsF abc

rrsH rrfH
dniR

dnaQ gmhA mbhA prfH gpt crl proB
argF

eaeH
betA

betT

 900,000  1,000,000

grxA
mdaA potF

artM poxB aqpZ cspD
clpA

aat trxB
lrp lolA dmsA

pflA
serC cmk himD msbA kdsB smtA

aspC asnS
pepN pyrD

 1,600,000

xasA hipA uxaB
marR

dcp nohA cspB rem
dicA

rspB
speG

mlc
asr

pntB

 2,300,000

cdd
mglC galS cirA

nfo
fruK bcr

rplY narP
ccmF napC

eco
alkB

rcsB atoS
gyrA

nrdA
inaA

 3,000,000

eno relA
barA

syd
sdaC exo

gcvA mltA
argA

ptr recC thyA ptsP
mutH

aas
galR

araE glyU

 3,600,000

asd gntK ggt livF livH rpoH
nikA rhsB pitA

prlC
gor arsC slp

gadA
treF kdgK

dctA

 4,300,000

lamB ubiC
plsB

lexA
qor

alr
uvrA

ssb
acs

nrfA gltP
fdhF rpiR phnL

proP
adiY melR

melB
dcuB lysU cadA dsbD
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 400,000

codB
lacZ

mhpB
adhC hemB

sbmA
ddlA

phoA
proC

aroL
araJ sbcC

phoB brnQ malZ secD
tsx

ribD
ispA thiJ cyoE ampG

bolA clpP

 1,100,000

pqiA rmf
sulA

helD hyaA appC cspG
torS cbpA

agp
putA

phoH
csgG

mdoG
htrB dinI grxB

rimJ

 1,700,000

rstA tus manA
gusC gusR

malX add nth gst
pdxH sodC

rnt sodB purR cfa pykF aroD
ppsA

aroH
nlpC pheT infC

 2,400,000

glpB
ais menE menF nuoN nuoG lrhA

ackA
hisP argTpurF accD usg

div
aroC vacJ

argW

 3,100,000

lysS recJ gcvP visC pepP serA
iciA

pgk cmtA tktA speB
metK sprT gshB

ansB
mutY nupG

glcB pitB gsp

 3,700,000  3,800,000

dppF dppA
tag cspA

glyS xylB
xylR avtA lyxK

aldB selB
rhsA mtlA lldP

cysE tdh
rfaD rfaL

rfaI
kdtA

radC
dut

 4,400,000

aspA
efp

frdB psd
amiB miaA hflC vacB aidB rpsF cycA

cpdB msrA
chpS pmbA

treC
mgtA

argI valS pepA
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 500,000

cyoE ampG
bolA clpP lon cof glnK

hha acrB priC
apt recR adk gsk ushA

tesA
rhsD gcl

purK
cysS

intD

 1,200,000

trB dinI grxB
rimJ

flgM
flgF flgK

rne
rpmF acpP tmk ptsG ndh

mfd potD
pepT

purB
icdA lit pin

minE
umuD

nhaB
dadA

 1,800,000  1,900,000

roH
nlpC pheT infC

pfkB katE
celF

nadE xthA gdhA
topB

sppA gapA
rnd

pabB manX
cspC htpX

 2,500,000

vacJ
argW

dsdC emrY
evgA

glk
nupC

gltX xapB lig
cysZ ptsI

cysM cysP
amiA

eutC eutH cchB
tktB

 3,200,000

pitB gsp exbD
metC

sufI parC
mdaB

icc
tolC

ribB glgS glnE
cca ttdA rpsU rpoD

air
ebgR

uxaA
exuT

3,800,000  3,900,000

kdtA
radC

dut dinD gmk recG
nlpA uhpT ilvN

emrD
glvG hslS gyrB dnaN

rpmH thdF
bglB phoU glmS atpC atpA gidB mioC

 4,500,000

argI valS pepA
gntV intB

fecE fecA
fimE fimF

gntP
uxuA

iadA
mcrD

hsdS hsdR
mrr tsr

mdoB

on N
ovem

ber 13, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


Pages sequence horizontally 6

 600,000
 CAI

 log(E. coli hits)
 Best E. coli hit
 Saccharomyces
 Methanococcus
 Mycoplasma
 Synechocystis
 Haemophilus
 PB sites
 promoters
 operons
 genes

 log(E. coli hits)
 Best E. coli hit
 Saccharomyces
 Methanococcus
 Mycoplasma
 Synechocystis
 Haemophilus
 PB sites
 promoters
 operons
 genes

 log(E. coli hits)
 Best E. coli hit
 Saccharomyces
 Methanococcus
 Mycoplasma
 Synechocystis
 Haemophilus
 PB sites
 promoters
 operons
 genes

 log(E. coli hits)
 Best E. coli hit
 Saccharomyces
 Methanococcus
 Mycoplasma
 Synechocystis
 Haemophilus
 PB sites
 promoters
 operons
 genes

 log(E. coli hits)
 Best E. coli hit
 Saccharomyces
 Methanococcus
 Mycoplasma
 Synechocystis
 Haemophilus
 PB sites
 promoters
 operons
 genes

 log(E. coli hits)
 Best E. coli hit
 Saccharomyces
 Methanococcus
 Mycoplasma
 Synechocystis
 Haemophilus
 PB sites
 promoters
 operons
 genes

intD nmpC
nohB appY

nfrA
pheP

entD
entF

fepG
entE ahpC

rna
criR cspE

dacA mrdA holA

 1,300,000
 CAI

muD
nhaB

dadA
treA pth prsA

prfA kdsA
narL tpr

hnr tdk
adhE cls

tonB
trpA btuR

sohB cysB
ribA

pyrF

,900,000  2,000,000
 CAI

nX
cspC htpX

holE purT
edd zwf

pykA
ruvB ntpA bisZ

argS
cheZ tap tar motB araH

tyrP
uvrC sdiA

amyA fliF

 2,600,000
 CAI

tktB narQ dapE
purC

bcp
uraA

purM ppx
guaA

xseA
hisS ndk

sseA
hscA

suhB
glyA

hmpA

 3,300,000
 CAI

uT
tdcC

sohA agaB
deaD pnp infB

argG
mrsA hflB

dacB
rpmA

ispB rpoN
arcB

gltB

 4,000,000
 CAI

atpA gidB mioC
kup rbsC rrsC rrfC ilvL ilvA

ppiC
rep

gppA
trxA rfe rffE rffH rffM aslB

hemY
cyaA dapF uvrD corA pldA pldB udp ubiB

 4,600,000
 Codon Adaptation Index

 log(Number of E.coli
  matches)

 Best match in E.coli
 Saccharomyces cerevisiae
 Methanococcus jannaschii
 Mycoplasma genitalium
 Synechocystis sp.
 Haemophilus influenzae
 protein binding sites
 promoters
 operons
 genes (ORFs and RNAs)

tsr
mdoB

holD osmY deoC deoD
lplA

serB nadR trpR creA
arcA

lasT

      Gene Function Coding

 Regulatory function
 Putative regulatory proteins
 Cell structure
 Putative membrane proteins
 Putative structural proteins
 Phage, transposons, plasmids
 Transport and binding proteins
 Putative transport proteins
 Energy metabolism
 Putative chaperones
 Putative enzymes
 Other known genes

 Translation and posttranslational protein modification
 Cell processes (including adaptation and protection)
 Biosynthesis of cofactors, prosthetic groups, and carriers
 Nucleotide biosynthesis and metabolism
 Amino acid biosynthesis and metabolism
 Fatty acid and phospholipid metabolism
 Central intermediary metabolism
 Carbon compound catabolism
 Hypothetical, unclassified, unknown
 tRNAs, rRNAs, and misc. RNAs

 Transcription, RNA synthesis, metabolism, and modification
 DNA replication, recombination, modification, and repair
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