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The 4,639,221-base pair sequence of Escherichia coli K-12 is presented. Of 4288 
protein-coding genes annotated, 38 percent have no attributed function. Comparison 
with five other sequenced microbes reveals ubiquitous as well as narrowly distributed 
gene families; many families of similar genes within E. coli are also evident. The largest 
family of paralogous proteins contains 80 ABC transporters. The genome as a whole is 
strikingly organized with respect to the local direction of replication; guanines, oligo-
nucleotides possibly related to replication and recombination, and most genes are so 
oriented. The genome also contains insertion sequence (IS) elements, phage remnants, 
and many other patches of unusual composition indicating genome plasticity through 
horizontal transfer. 

Because of its extraordinary position as a 
preferred model in biochemical genetics, 
molecular biology, and biotechnology, E. 
coli K-12 was the earliest organism to be 
suggested as a candidate for whole genome 
sequencing (1 ,  2). The availability of the 
complete sequence of E. coli should stirnu-
late further research toward a more corn-
plete understanding of this important ex-
perimental, medical, and industrial organ-
ism. Since the inception of the E.  coli 
project, six other complete genomes have 
become publicly available (3). Genome se-
quences, especially those of well-studied ex-
perimental organisms, help to integrate a 
vast resource of biological knowledge and 
serve as a guide for further experimentation. 
Availability of the complete set of genes 
also enables global approaches to biological 
function in living cells (4)  and has led to 
new ways of looking at the evolutionary 
history of bacteria (5). 

Escherichia coli is an important compo-
nent of the biosphere. It colonizes the lower 
gilt of animals, and, as a facultative anaer-
obe, survives when released to the natural 

environment, allowing widespread dissemi-
nation to new hosts (6). Pathogenic E.  coli 
strains are responsible for infections of the 
enteric, urinary, pulmonary, and nervous 
svsterns. We chose strain MG1655 as the 
representative to sequence because it has 
been maintained as a laboratorv strain with 
minimal genetic manipulation,'having only 
been cured of the temperate bacteriophage 
lambda and F plasmid by ultraviolet light 
and acridine orange, respectively (7). We  
now know that these treatments resulted in 
a frameshift mutation at the end of rph, 
causing low expression of the downstream 
gene pyrE and, in turn, a pyrimidine star-
vation phenotype (8). In addition, a muta-
tion in ilelG disrupts one of the isoleucine-
valine biosynthesis pathways in all K-12 
isolates (9). Finally, almost all K-12 deriv-
atives, including MG 1655, carry the rfb-50 
mutation, where an IS5 insertion results in 
the absence of 0-antigen synthesis in the 
lipopolysaccharide (10). It will be interest-
ing to compare strain MG1655 with the 
K-12 strain W3110, which has been carried 
through more experimental treatments and 
is being sequenced in Japan (11) .  
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Sequencing Strategy 

Sequencing was carried out in sections, 
with steadily improving technical ap-
proaches. The M13 Janus shotgun strategy 
proved to be the most efficient strategy for 
data collection and closure. It involved ini-
tial random sequencing at a four- to fivefold 
redundancy in the Janus vector (12), fol-
lowed by computerized selection of tern-

The first 1.92 Mb (13, 14), positions 
2,686,777 to 4,639,221 [in base pairs (bp)], 
was sequenced from our overlapping set of 
15- to 20-kb MG1655 lambda clones (15) 
by means of radioactive chemistry and was 
deposited in GenBank between 1992 and 
1995. Subsequently, we switched to dye-
terminator fluorescence sequencing (Ap-
plied Biosystems). In addition to greater 
speed and lower cost, this new technology 
avoided electrophoretic compression arti-
facts, which, owing to its 50.8% G+C con-
tent, occur in practically every gene of E.  
coli. For the next segment (positions 
2,475,719 to 2,690,160), we obtained DNA 
for sequencing by the popout plasmid ap-
proach (16), in which nonoverlapping seg-
ments were excised directlv from the chro-
mosome in circular form, gel-purified, and 
shotgunned for sequencing. The largest por-
tion of the genome (positions 22,551 to 
2,497,976) was sequenced from M13 Janus 
shotguns prepared from 11 I-Sce I frag-
ments of -250 kb 117). Among the manv 
advantages of the I& I m e t L d  are thk 
abilitv to select the size of fragment to be-
shotgunned, elimination of redundant se-
quencing at the borders between segments, 
and the reliability inherent in sequencing 
DNA without intermediate cloning steps. 
Because the DNA is never amplified, genes 
that might be deleterious when present in 
multicopy form are not subject to rearrange-
ments or deletions. Each I-Sce I fragment 
shotgun contained 15 to 30% random-
clones from elsewhere in the genome, 
which apparently arose from randomly 
sheared genornic fragments comigrating in 
the ~ulsed-fieldeel. 

The final stages entailed special atten-
tion to problem areas. The region between 
positions 0 and 22,551 did not yield a suit-
able I-Sce I fragment, so three lambda 
clones were selected to finally complete the 
genome. One of them was found to contain 
a deletion and had to be finished by shot-
gun sequencing of a long-range polymerase 
chain reaction (PCR) fragment (18). Other 
areas of the genome were also resequenced 
in this way. In total, long-range PCR (18) 
was used to close 36.9 kb of gaps, with- -

*To correspondence should be addressed, plates to be resequenced from the opposite amplimers used directly as sequencing tem-
eco@genetcswlsc edu end, followed by limited primer walking. plates or as source material for shotguns. 
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T h e  completed sequence \vas depos~ted ~ t yi)f the hlts n-ere for one tvpe o l  f ~ l n c t ~ o n ,  f ~ ) u n dwithin this reelon. W e  alco searcheil 
in GenBank o n  16 ja~iuary 1997; 111 that 
sequence 168 ambiguity cocles reflected un-
certainties 111 the original determinat~on.  
\X7lllle this manilscript ~vas  in revlen-, 
addl t~onalPCR seiluencillg n . 2 ~~ n d e r t d k e n  
to resolve all o t  these amhlg~~ons  residues, 
and the affected annotations \Yere upciated 
accordingly. 

Annotation 

.4111iotat1on is an oligoi~igtask n.ho5e goal 1s 
to niake the genome se~lLlence Illore uset~11 
hy correlat~ng it lvith other kno~vledge. Spe- 
c~ilcall\-,\ve attell-ipteci to (1) liientify eenes, 
ol>erons, rep~11ati~r~- ,ltes, ~liobile gcnetlc el- 
ements, anil repetltlve seqi~ences 111 the ye- 
liome; (i i)  asslgn or u g e s t  iunc t~ons  nhere  
possible; and (111) relate the  E .  i i 1 i 1  seclucnce 
to other orgaIi1sms, especially those f<>r 
n.1iich complete gelionie sequences are 
avallalile. C~lrrently,  the aliliotatiiin 111-

cluLies 4158 actual alicl yropo,sed pri~tein- 
ioii111g genes, and one-thlrd o t  these genes 
are \\-ell characterireii. Pcistulation o t  penes 
in ~ u ~ ~ c h a r a c t e r ~ ~ e d  base sequences \vas sur- 
prisincll- difficult. The\- m-ere selected from 
among the liumerous available ope11 read- 
111g tl-a~lle.: (ORFs) o n  the  basls of codon 
usage statistics, sequence searches r7ersus 
51XIISS-PROT release 34, Link's Llatalwse 
of hT1-I:-terminal peptlcle seilucnces from E 
coli, colnputer prediction ot signal peptiiles, 
~ ~ p s t r e a mmatc l i e~  to tlie Sliilie-Deluam~) 
ribosome hi~~ilili: site, and other 111fdrma- 

most ORFa co~ l t a in  m~ultiyle in-frame start 
codons. In  tlhe absence of other intorma- 
tion, n.e general17- selected the ORF with 
the lo~igest possil~le NH1-terminus. This 
~l le thod preser\-es the mo,st coiiing intonna- 
tion for anal\-sis, but ~t may not reflect the  
s i t~ la t io~ lin 1-i\-o. 

Functions of pre\-iously knon-n E.  coli 
proteins Ivere collected from the Gen-
ProtEC (21') and EcoCyc (21)  iiatabases. 
T h e  t u n c t ~ o n  of nen- t r a ~ ~ s l a t e ~ i  sequence.: 
n-as imputeel k o m  aeiluence sinlilarity (32) .  
Each gene ( i ~ ~ c l u d i n ~  ,table RK.4 genes) in 
the sequence was assigned a ~ ~ n i q u e  n~uuer i c  
identltier beyinning n.it11 a lo\verc,ise "h"; 
n.lien no  nalue has been ass~gned to a gil-en 

such as a permec3se or a class ilt ell:y~llei. 
\S'lien the tilnctions of the  h ~ t  sequences 
were 1.arleii and there aa .  no <ollil agree- 
ment even tor type of tllnction, or n.hen 
0111)-one iecluence was hit ,  no  t u n c t ~ o n  nas  
ass~gned to the  querv ORF a ~ i d  ~t\\ a< cou~l t -  
ed amonp the unknoivns. 

T h e  a \ , e rqe  Ll~stance I.et\~-een E 
genes is 113 1.13. T h e  T O  intergenlc replolls 
larger than 6C2 1.p n-ere reevaluated f ~ r  tlie 
presence oi ORFs (Geneplot, DNA%STA%R 
h i . )  and searched apalnst the elitlre 
GenBank database for DKA% sequence 
(BLASTK) and protein cod~nq  (BLASTX) 
leatnres (2.3) .  Closer Inspection r e \ ~ ~ i l e d  
tliat 15 ot tllcsc reglons contain pre\-~ously 
nnannotateil ORFr, \vhlch In mo5t cases 
a-ere 01-erloiiked l~ecause of thelr small size. 
*%11 additio~ial I 1  i~itcrgc~iic- C J I O I I ~C O I I ~ ~ I I Iri,. 
seiiuence katures such as long nntranslateil 
leailer sequences [hl-example, i1pp.4 messen-
ger R N A  (mRNX)  e s t e ~ ~ i l s  1717 LIP--532 
itream of the start coiion 121)l or n-ell-char- , > 

acrerized control regions [for esamyle, the 
io-aFGH operoll control region (25)l.T h e  
remai~iilig 44 large intcrgellic ri."ions fall 
intc three general classeL: p~ltative gene reg- 
ulatory regions, large repetiti\-e seclui.lices, 
and ~u~ikno\ \  ns.  

Gene.; ieparateil bv more than 6L12 17p are 
likelv ti-, c~ill taln indepencleli~ rig~~latcirp be-
cl~uences. T \ \ - e~ i t~ - -n ine  re-large mtergenic 
giolis c o ~ i t a i ~ i  sucgestir-e ot regw se~l~ue~ices  
lator\- t l ~ n c t ~ o n s ,  11 with predicted i~ic lu~l ing 
renulatory proteln liinding aites. There arc 
13 regions l~et\veen Lli\-ergently tralisirihed 
ORFs, and 11 of these ha\-e at least one 
preclicted promoter for eaclh ORF ( 2  have 
only one yreiiicteJ promoter). T h e  16 re- 
ions het~veen ORFs tra~iscrilieil in the same 

ilirection colitain at least one rreiiicted pro- 
moter for tlhe Jcinlistream ORF, alicl se\-era1 
colltalll a termiliator h r  the upitream ORF. 
Seven of tlie large intergenic regions, 111-

eluding the larger region overall (1732 b'), 
consist o t  repeated sequences .;uch as REP or 
LDR, as described 1~i.lcn.. Ser-en inti.rcenic 
regions larger tlia116L11' hp ha\-e no  predicted 
reg~ulatorr-or coLllng f~u~~c t ions .  Five ot  these 
regions cont;iin sequences that coulcl encoile 

for i7tlier pote~ltial  regiilatory sites \vithl~l the 
4OC-bp segments 111-streal11 of gene<. This 
qearch \ ~ - a cl~aseiion m esllaustive collection 
ot kno~vn  f ~ ~ n c t ~ o n a l  sltes tor 56 transcrip-
t~onlrl regulatory proteins. ?.lore detail about 
these method> IS ava~lahle elsewhere (26).  

T h e  codon adaptation ~ n ~ i e s(CAI)  was 
calculated for each ORF accordi~ig to tlie 
method ot Sharp and Li (27).  T h e  CA%I 
measures tlie extent to \\-liicli coilon usage 
agrees \\-it11 an  E, iiili reference set from 
higlllv expresseel genes. CAI is a l-rred~ctorof 
the es tent  of gene expression. T h ~ s  is attrlh- 

enersy (23) .  Genes n ~ t l i  exceptionally low 
C A I  l - a l ~ ~ e s  111av be recent hor~rontal  trans- 
ters tliat st111 retlcct the optinla1 codon usage 
ar  mutatiL)nal spectrum of r h e ~ r  previoils 
host (29) .  W e  identified clusters of tour or 
Inore ad!,lcent genes with Ion- C A I  values 
(<L1.25) and alao idelit~tieii all genes in the 
ion-er 12th of C A I  observeil in 
thi\ genome. 

T h e  annotated sequence (accession 
number UCL1996) is available at the  Natioli- 
a1 Center for B~otechnology Inhrmat ion 
(NCBI)  through the  Entrer G e ~ l o ~ i i e s  dl\-i-
sioli, GenBank, and the  BLAST databases. 
Our  FTP (ftp.ge~ietics.n~isc.ecl~u)site \v111 
iilallltalll a n  ~upLiateii version o t  the  se-
iluence as add~t ional  a~ l~ lo ta t ions  or correc- 
tions are made; the  1-ersion discussed here is 
L149. 

Overview of % h eSequence 

T h e  genolne ot E. i o l ~ ,  iiiagralllllieil in Fig. 
1,  consists o t  4,639,221 b~3  o t  circular du- 
p l e ~D N A  (SO). Both base pair and liii11~1te 
scales are sho\vn; base 'air 1 was assigned in 
a n  apparently teat~ureless region beta.ee11 
genes lasT aliJ t1u.L. Protein-cod~ng genes 
account tor 8T.S06 ot  the cenome, 9.8'6 
encodes stable RNAs, a~ i i l  2.7'6 co~ i s~s t sof 
noncoding repeats, leaving -1 1% tor regu- 
la tor~-  and other t iuulct~o~~s. A radial plot 
slion-s E coll'a local si~uilarity to seqiuencecl 
bacteriophage genes. T h e  polar coordi~iate 

proteins o t  at least 5C ainino aciLl.. a l t h ~ i ~ ~ g h  plot of CAI 1s iie5iglieil to liighliglit regions 
coclon usage patterns for these ORFs suqrest 
that they are not expres,ed. It is like]\- that 
these regi~ins c o ~ ~ t a i l i  additional, az >-et un- 

gene. ~t is referred to bv this ~ ~ ~ u i l ~ b e r .  d~sco\-ered.A t u n c t i ~ n s  s~uih as l~ilicliny sites 
specitlc L~l~yslolog~cal  it fix aiiclitio~lal regulatory proteins. role lras asslgned 
illost o t  the hits Irere for a specific ~ L I I I C ~ ~ O I I  K'e searcl~e~ltor promoter and protein 
such as alcohol iiehvdrogenase, but i t  the 
substrates 1-arieil among the  hits, the com- 
I I I ~ I I  denolllinator (for esample, permease 
cIr kinase) n-as assig~leJ tci the  ORF, s u b  
jtrate speciticitJ- unknoxrn. It less specificit\- 
\\-as toutid among the lilts, a gerieral f~unc- 
tion \\,as aasigneJ to a n  ORF \\-lie11 a major- 
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l ~ i n i i ~ n ~slte sequences upstream ot  1436 
genes. This includes all genes except those 
that are less than i C  bn troll1 the 3' end of an  
adjace~lr gene tmnscril~eil 111 the same direc- 
tion. K'e lilnited our search to the 2% bp 
upstream of the predicted t r a~ l s l a t io~~a l  start 
sites because E .  toll promoters ~1re typically 

ot the genome n-it11 ~u~iusual coilon usage, 
\vhich may siyliit\. recent i~limigration bj- 
ho r i~on ta lt m ~ ~ s f e r .Some gene clusters n-it11 
lo\\-CAI values correspond to knon-n crj-I)- 
tic yrophages, ancl others point to possible 
locatio~ls of addit~olial  horizo~ltallv ac- 
~ L I I R ~ ~elements. 

T h e  origin anLi termilius o i  replication 
Jivide tlie genome into opLwsitely replicat- 
ed halves, which \ve term reylichores. Rep- 
l~chore  1, n-l~icli  is replicated clockwise, has 
the presented stran,! of E.  coli as its leading 
strand; in replichore 7 the complementary 



strand is the leading one. Many features of variety of systems, have commented on base tion. We extended this G-C skew analysis 
E. coli are oriented with respect to replica- compositional asymmetries correlated with to the entire E. coli genome (Fig. 2), ob- 
tion. All seven ribosomal RNA (rRNA) the direction of replication. For E. coli, the serving the same sharp transition at the 
operons, and 53 of 86 tRNA genes, are leading strands of both replichores have terminus that he reported at the origin. 
expressed in the direction of replication significantly (P < 0.001) greater abundance These clear trends in base compositional 
(Fig. 1). Approximately 55% of protein- of G (26.22%) than its complementary skew apply to genes in both orientations, to 
coding genes are also aligned with the di- partner C (24.58%) or the alternative pair intergenic regions, and to all codon posi- 
rection of replication, confirming an early A (24.52%) or T (24.69%). Lobry (33) tions (Table I), supporting the idea ad- 
observation of Brewer (31). plotted G-C skew for a 1.6-Mb section of E. vanced by Lobry, Perna, and Wu (32, 33) 

Compositional organization of the genome. coli surrounding the origin and summarized that leading and lagging strands are subject 
Several authors (32, 33), in analyzing a the data by codon position and gene direc- to differential mutation as the result of 

E. coli 
K-12 MG1655 

Fig. 1. The overaH structure of the E d gsnome. The @in and terminus of 
replication are shown as green lines, with blue arrows W i n g  replichores 1 
and 2. A scale indicates the coordinates both in base pairs and in minutes 
(actually centisomes, or 100 equal intervals of the DNA). The distribution of 
genes is depicted on two outer rings: The orange boxes are genes located on 
the presented strand, and the yellow boxes are genes on the o p w e  strand. 
Red qows show the location and direction of transcription of rRNA genes, 

and tRNA genes are shown as green arrows. The next arde illumes the 
positions of REP sequences around the genome as radial tick marks. The 
central orange sunburst is a histogram of inverse CAI (1 -CAI), in which long 
yellow rays represent dusters of low (c0.25) CAI. The CAI plot is enclosed by 
a ring indicating simlarities between previously described bacteriophage pro- 
teins and the proteins encoded by the complete E. coli genome; the similarity 
is plotted as described in Fig. 3 for the complete genome comparisons. 
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as\-mmetrv inherent to  the  DNA replica- a n J  second positions, anc1 the  net G-rich carried out Llrther analyses of E.  coli by 
tion mechanism. This, coiubineJ \\-it11 nat- tendencj- o i  the leadine strand relati\-e to constructing a reference sequence corn-
ural e l ec t ion ,  leads to  a n  ohserl-ed hase the  lageine one is seen in hot11 first and posed of thc  leading strands of each repli- 
L1istrib~ition that Lieyencls in part o n  the seconcl codon positions. despite strony and chore concatenated at a novel joint, arici 1%-e 
mutatii~nal pattern and in part o n  selection. so~netilllrs opposite codon usage preterenc- esalll~necl this sequence for oligo~lucleotide 
Hence, intergenic regions and third posi- es at those positions. distrlbr~tion, T h e  most frequent oligomers 
tic~ns in E.  coli ,Ire n o r e  slieived than first Repliccition. 1.rco1nbinatioi1, i i i ~ t isk<zv. LY'e in this leaciing strand (for example, octam- 

Ist 
posltlon 

2ndoostion 

3rdp o s ~ t ~ o n  

Allpos~rlons 

' , 

q k Y ' m  ntercenc 

r~ghtward 
Genes 

I I l l I I I I I I I l l I I I 

1,000,000 2,000,000 3,000.000 4,000,000  

Position (base pairs) 

Fig. 2. Base conipostioti is not randomly distrbuted In ttie genome. G-C next 18 horizontal t i e s  correspond to dlstinct classes of repetitive 
s e w  [ G  - C\:;G + C'I] I S  pot ted as a 10-kb v,!ndov~ average for one strand elements. The penultimate n e  contains a histogram shov?iing the s im-  
of :he e,itre E,coil genome. Skew plots ior the three codon pos~t~ons larty (the product of t 're percent o i  eac'r protein In the parv,!ise agnment are 
presented separately: leftward genes, rightward genes and non-proteiti- and the percent anino a c d  Identity across the aligned regon'l of knov?in 
codi,?g regotis are shown In Ines 5, 6, and 7.T're tv,!o 'ror~zontal Ines phage protens to the protens encoded by the complete E, coli genome. 
below the skev~ plots shov~ t 're distrbuton of tv,!o 'r ighy skev?ied octanier The last n e  t idcates the postion and orientation of the EcoK restrcton- 
sequences GCTGGTGG [Ch) and GCAGGGCG (8-mer). Tlck marks nd i -  slte AACNNNNNNGTGC (N, any nucleotlde'l. Two vertical n iod~f~cat~on 
cate ttie pos ton  of eacii copy of a seauence in the complete genome and Ines t'rrough the plots stio\w! the location of the orlgln and terminus of 
Eve vertcaly offset to tidicate t 're strand contaning the sequence. The replication. 

0 



ers; Table 2)  form a falllily containing the 
t r i~nerCTG, often ~ r l t h i n  the pentalncr 
G C T G G ,  as also noticeil by Karlin anii 
co-\vorkcrs ( 3 4 ) . \Y?c note that  the  DnaG 
primasc-binding sitc incluL1es (or IS) the 
scqucncc C T G ,  \ \r~th T be i~ lg  the tenlrlatc 
t;,r the first base of the  R K A 4  prinlcr of 
Okazaki fragments (35) .  Although there is 

no\- has rcccntlr; proposed a role for C h i  
sltes in the  recolnbinational repair of col- 
lapsed replication forks, which may explain 
tllelr extreme bkew (38) ,  but a seconilary 
role as a primaae-binding sitc may- be suffi- 
cient to csplain this bias. 

R'oe tlirrarney CTAAG.It is well kno\vn 
that the  palindromic tetralner CT.4G is 

no direct proof implicat~ng these sc~ l~ rencc>  extremcl~.rare in E.  coli, with a n  abundance 
Ln discont~nuous replication. their spacing 
is cons~stent  .ir,ith Okazaki fragment s ixs  
and their Liistribut~on is sken-eil toward the 
leading strand, as expected. Xl tho~rgh the  
ske~vsare ,ignificant, the most frecluent oc- 
tamers o n  the leading strand are overrepre- 
sented o n  the  lagging stranii as ~vel l .  A41-
though leaiiillg strand replication is highly 
asymmetric in vitro, both  leaciing a n J  lag- 
ging strands are reporteci to replicate dis- 
continuously In vil-o (36) .  T h e  high abun- 
dance of these rroroseii DnaG primase-
binding sites o n  both  strands supports a 
lllodel in \vhich l~o t l i  straniis are replicated 
i l i s c o n t i n u o ~ s l ~T h e  associateii skews im- 
ply that the  leading stranii has fen-er bites 
for Okazaki initiation. 

T h c  recombinational hotspot C h i  (37 ,  
3d) ,  the third most abundant octamcr of the  
lcading strand, also contains thc proposcci 
D ~ Y ~ Gprimasc-bindini: site. In  fact, nonc of 
the  frequent octalners differs from C h i  by 
change> kno\vn to inactivate the  recombi- 
natior-ial activit>- of C h i  ( 3 7 ,  33 ) .  Hence, it 
is possible that other lllelnbers of the  family 
may ciisplay C h i  activiti-. notcii earlier 
( I d ) ,  the  C h i  site is ~narkedly sltc\vcd 
to\\7arii the  leaL1ing stranii. O n e  must skip 
to the  2Slst  most freijuent octamer, 
GC=IGGGCG, to locate a highcr skew 
(57';) than that of the C h i  site (5@Oo) [Fig. 
7,  lines 8 and 9 ) .  C h i  sites arc irnplicatcci iln 
RccBCD-meciiated recombination ( 3 3 ,  
and as part of this process it is suppclscd that 
single-stranded L3NA4 iintermeL1iatcs having 
C h i  a t  thc 3 '  enii arc formcLi, lvhlch tlicn 
invade the recipient chro~liosome to for111 a 
"D loop." This ilnplies the  esistcnce of a 
C h i  site o n  thc  displaced strand. If the  CTG 
of Ch i  1s also a primase binding site, Oka- 
:aki initiation at  C h i  could facilitate strand 
assimilation by branch migration. Kuzmi- 

5% of that ~reLiictcd fro111 the lxse  ci,mr.o- 
sition. Various explanations 11a.e been of- 
fered 139. 42 ) .In Table 11r.e have anal\rred 
its distribution in various suhscts of the  
genomc. Clearly, thc rarity of C T A G  1s 
most pronounceci 111 prote~n-coiling regions. 
Its occurrence is consicierably h ~ g h e r  in  in- 
tergenic L3N.4, but it is surprisingly abun- 
dant i n  genes coii~llg for structural RNA4s, 
especially in that  mir-iusculc portion of tlic 
oenolne t l ~ a t  coLies for tRKL4s. L3anchin and 
co-\vorkers (42)  ha\-c hypotlicsizeii that 
CTXG mav "kink" DK'4 and thcrebv in- 
terfere ~ i t h  f ~ ~ n c t i o n .It ia also possible that 
some pcculiar foldillg behavior of CCA4Gin  
R N A  n l i ~ h t  interfere 1vit11 m R N A  function 
n-llilc havinp n o  negative effect o n  stable 

Newly k 'op~sed Genes and  
Previously Mapped Genes  

Six nett, tRh"A grnrs. I n  this study .ive 
discovered s is  nelv tRK.A genes. Four of 
the  genes-x'alZ, lysl', i y Z ,  and lysQ ( ~ o s i -  
tions 782,291 to 75L?,875)-are part ot the 
lysT operon ancl consist of a dr~plicate of 
valT and three duplicates of /?sLF'. T h e  oth- 
er t\vo genea for111 s in l e -gene  [ranscrip 
tional unit,: asn\Y7 (positions 2,L\Sb,L\49 to 
2,L?56,124) is a iiuplicate cop!- of asnT, anii 
il2Y (positions 2,783,782 to 2,783,857) is a 
near copy of ileX, differing in a single corn- 
pensating base pair change in the  amino- 
acyl stem of the  tRK.4 (C6-G6i  in ileX, 
A46.T67 in iirY). 

.An ope rot^ joy degralntio~i ojaromatic i o n -  
p o ~ l n d .  Six E .  i 0 1 ~  en:ymes arc known to 
constitute a path~vay for the Liegradation of 
aromatic compouniis such as pl~en\-lpropi-
onate, but only two of thc gcncs have becn 
previou,l\- identifieci, 171hpB anci tnizpE (41).  

Table 1. G-C skevb8for each of ttie three codon positions calculated separately for ttie codny strand of 
2357 forward genes (whose coding strand is the leading strand1 and 1929 backu~ard genes (vb8hose 
coding strand ISthe aygny strand) The net skew attrbutabe to repcat~on direction IS the di'ierence 
between the values for ttie for\{,/ard and the backvb8ard genes dvided by 2 

Net G-C skevb8 
Postion Forward genes Backward genes AverageG.C attributable to 

repicatoti drection 

1 1 9 . ~ 1  16.08 1 7 . 7 ~  1.66 
2 -9.34 -1 1.79 -1 3.57 1.22 
3 7.99 -0.a8 3.75 4.23 

Average 6.32 1 .27 3.64 2.37 

O n  the basis of similarity searches, \ve arc 
confiL1ent that there is a n  o t~e ron  that starts 
1~1 th  the monoosygenase gene ~ii/zpA, kjl- 
lolreLi by the k n o n n  diixygenase gene rnlzpR, 
the hydrolase gene mlzpC, the hyilratase gene 
n~hpL), the dehydrogcnasc gene nihpF, and 
the knoivn gene mhpE c o d ~ n gfc~r 4-hydroxy- 
7-oxovalcrate aldolasc. All the genes (posl- 
tions 367.835 to 371,L195; bQ347 to hL1352) 
are in the same order as the enzvmes of the 
pathway. W e  propose that the next gene 
upstream (positions 166.51 1 to 367.755; 

Table 2. Frequent octamers and their skevb8. The 
24 lnost frequent octamers are ranked by fre- 
quency of occurrence on the leading stra,id (cc- 
ta,ners with the salne frequency of occurrence are 
ordered alphabetically). Frequent octamers that 
are reverse cornpements of frequent octamers 
are dentfed by ther rank (tiparentheses) besde 
that of thelr colnplelnent All prmar! seqdences 
are ayned by the CTG trnier. The average spac- 
ing for nonoverapping sequences froln this s t  IS 

on the order of 1 .3  kb. Tiie percent skew IS133 x 
if - f'!'(f - f'1, where f IS the frequency of an 
octalner and :' that of i s  reverse cornpelnent 

cgCTGgcg 
ggcgCTGg 

gCTGgtgg 
gCTGclcgg

tgCTGycy 
gcyCTGgc 

tygcgCTG 
gCTGgcgc 

cgCTGgty 
CTGgcggc 
CTGycgca 

gCTGgcga 
TGgcggcg

aaCTGycy 
gCTGgaay 

CTGgcgcg 
gcgCTGga 

CTGgcgaa 
tgCTGgty 

Table 3. Dstrbuton of CTAG sequences. 

Category oi DNA CTAGcount Averagespaclng 

A E cob. 
Protein-coding 

sequence 
TAG termnators 
REP sequences 
A tion-protein-codtig 

sequences 
R e y u a t o ~  regions 
rRNA genes 
tRNA genes 
13Sa PNA (sslA) 
RNase P lvll PNA 

(rnpBj 
Expected irom base 

compostion 



b2346) may he the regulator tor this path- at a slola- rate (41 ) .  Further research \v111 be 
\\,a\-, because chi> seiirlence is sinlilar tii a needed to  determine n-hether this is a ~ l l v s -  ' ,  

number of transcriptional regulators. iologically significant pathn.ay, and if so, 
'4 sc.iond oberon toi- d i . ~ ~ - a d a t i o n  r~ncier \.illat conditions. o f  nrornnt- 

zc i o ~ n p o ~ l i t d s .  K'e have forud a previously F l n g 2 l h ~  o p e ~ o n s  ni.m.ly tdc.7ltiicll to those o j  
unrecogni:ed set of E .  coli genes (positions Salmonella. Escizc.~ichza coli has an  arral of 14 
?,667,P53 to 2,671,269) that resemhle flagellar syntlieais genes (blP70 to hl1183), 
Psc.utlornonas genes tiir the  iiegradation of only tn-o of ~vhicli  have been prcvior~aly 
the aronlatic compounds toluene, benzene, reported: fljihl and f lgL. O n e  aciiiitional gcne 
and hiphenyl (42) .  T h e  first three genes is involl-ed n-lth initiation of f~lament  assem-
(b2538 to b3540) encode the u and P suh- bl!: fl,gK, \vhicli precedes j lgh'f ,  a 11egati1-c 
units and the  ferredosin comt~i)nent of the  reula tor  of tlagellin synthesis. In the reelon 
1,'-iiiosygenase that opens the  rings anii betlveen j lghl anii j lgL, \ve identitied ho- 
oxidirea carlion. 1 anil 3. T h e  gcne encod- f l g Amologs ot' the Salmotlc.lla t ?p i l i i n t i~ i~~ tn  
illg the  last component of the  clios!-genase, (basal-l~ody P-ring tomat ion) ,  fl,nB (putati\-e 
the ferredoxin reductase (b2542),  is sepa- tlagellar basal-body formation protein), jlLqC 
rateii from the first three genes by another (putative flqellar hasal-boil\- fornlation pro- 
ORF (h2541). T h e  l ~ r o i h c t  o t  this ORF tein), f lgD (basal-body rod moclitication pro- 
reselllble the enrvme dihvilro-1,2-ilid Lie- tein), jlgE (flagellar hook protein), flgF 
hyiirogina>e. \vhlch acts 011 the l~roLiuct o t  (putative flagellar basal-bociy fornlation pro- 
the dioxygenasc to generate catechol. Thih t c ~ n ) ,f[,& (flagellar basal-body formation 
proposed operon is preceded 1.7- a divergent- protein), j lgH (tlagellar L-ring priitein pre- 
ly transcribeii ORF (b2537) resembling a cursor), flpI (flagellar P-ring protein precur-
numher of transcriptional regulator,  11-hich sor), f l gJ  (tlagellar protein), ancl j lgK (flagel-
may 1.e ~nvolveil  in the  regulat~on ot the  lar hool<-associateii protein 1) genca. T h e  
genes. VC7e do not know the  suh.;trate tor gene arrangcnlent of this cluster (positions 
this orxron. or lvhether it has enrvmes n.it11 1,135,637 to 1,1411,329) is iclentical to that 
u f f i c~en t ly  briiad specificity ti) u e  se\.cral of the cluster a t  26.5 centisomes on the 
rclateci substrates. It ic also not clear holv Sahnonc.lli~chromosome. I11 fact, the entlrc 
c,rtechol 1111ght he further metabo1i:cd. In  flagellar systems of E .  coll and S .  typilinlto-ilml 
Psrtc'iotnot~its catechol is normally metaho- are essentially iJentlcal in most respects, 
lizeil by eitliei a n  ortho or mcta pathrvay, n.1t11 the current organirat~on of genes prc- 
anLiE .  coli ha.; some \-cry distant sequence dating the iiivergence of these tn-o speclcs 
slnlllaritles to sume of the  llleta ~ 7 a t h n . a ~  (43) .  Two aciiiltional cenes (b1?65 and , , , 

enzymes, especlallv to the yenultimate step, hlL169), preceding the flg genes. sholv strollg 
In addition, hlhpB can metabo1i:e catechol s~mllarit!- (81% ancl 94'0 identity, respec-

Table 4. Dsi,bc~ron of E co!: protens amo,-g 22 fc~nct~onal groclps (simp fied s c h e m ~ ) .  

Percent of Functional class N~mber  total 

Pegc~lator):f~nction 
Pcltatve regc~atory proreins 
Cell structure 
Putative mernbrane proteins 
Pcltative strc~ctura protens 
Phage, transposons pastiids 
Transpor; and bnding pr-otens 
Pc~tatve transpo-i protens 
Energy lnetabosm 
DNA repcat~on reconib~tiat~on, and repar riiod~f~cat~on, 
Transcrpton. RNA synthess, lnetabosm, and niod~f~cat~on 
Translatoti, posttranslai~ona proten t~od~f~ca t~on  
Cell pl-ocesses illlc'~d1Ilg adaptaton, protectloti) 
Bosynthess of cofactors, prosthetc groJps and carrers 
Pc~tatve cliaperones 
kuceotde b~osyntlies~s and metabolism 
Atnno acd  biosynthesis ans rmetabol~sm 
Fatty acd  and phosptiol~p~d metabol~stii 
Carbon cornpound c a t a b o s ~ ~  
Central interlneda~y lnetaboism 
Pc~tatve enzymes 
Other known genes gene product or phenotype known) 
Hypothetca uncassied, unknown 

Total 4288 100.30' 

tivcly, as .ivcll a> near-equal length) to mtsrM 
ancl inz i N ,  ~ I I - CSnltnoiiellii virulence fitctors 
(43). Homologs o t  l ~ o t h  ~ n v i h land iilz i N  also 
ha\-e been identified in Hnrtnopi~ik is(3) .  

O p e n  ~e i i t l i r~g  frnn1c.s ant1 gene jtt i lctioi~ 
class assi,qnnlrnts. Figure 3 1s a detaileil 
graphical presentation of the  genome sho\v- 
illg the arrangement of putative and kno\\rn 
genes, opcrons, promoters, and protein 
binding sites. Of the 4258 ORFs a n ~ ~ o t a t e d  
in the  s e ~ l ~ ~ e n c c ,  ile-1853 are pre~-ior~sly 
scribcii genes. (A coillpletc listing of E .  toll 
ORFs is a\-ailahle at \ \~n \ \~ .gcne t i c s .~v i~c~ec i~~ /  
anii is likely to change as frlnctional data 
accumulate.) T h e  distribution of start 
codons is as follows: X T G ,  3543; GTG, 
612; and TTG, 130. There  is also one XTT 
and possibly a CTG (44) .  T h e  cilstrihution 
c ~ ttranslation termination codons 1s as fol- 
lo\\-s: TX.4. 27115; TGX, 1357; and T=IG, 
326. W e  assigned 4P5 genes 1 ~ 1 t h  the  start 
codon 01-erlapping the preceding stop, Jis- 
tributed as fol1on.s: A4TG.4,334; T=IL4TG, 
95; TGXTG, 48; G T G X ,  35; T A G T G ,  4; 
and TTGA4,3. T h e  most common overlap 
in phaye lambda is also XTGX (45). 

T h e  4355 ORFs were searcheci for 
matches to the  Link da tahae  of peptides 
esciseci trom t~vo-ciimensional gels ( 19) .  
These searches confirl~lcd the  expression of 
3P hypothetical ORFs. In aililltion to the  
194 Link secqucnces annotateJ in SX'ISS- 
P R O T  release 34, our searches ~clentifieil 
nine NH,- term~nal  seclrlences correspond- 
ing to llsb.4, bZ545. gc 'vT,  glp(2, t $B ,  yclfG, 
?gnC>, y g N ,  and y i f E .  

T h e  longest ORF encodes a 2353-amino 
a c ~ d  protein of unkniiwn function, resem- 
bling several hacterlal attaching and effac- 
Ing proteins anii invacins-virulence factors 
in pathogenic strams of E .  i011anii other 
enteric bacteria (46) .  T h e  21-erage ORF size 
1s 317 amino acids; there are four ORFs in 
the  range 1520 to 1 7112 amino acids, 5 1 in 
the range 12110 to 151111 mino no acids. anci 
381 that are snlaller than 1211 alllino acicis. 
In general, it was cilfficult to aisiyn small 
ORFs unless they eshihited typical E .  ioli  
coiion usage or had heen characterized bio- 
chemically (for example, leader peptlilei). 

Tn-o coml~lementary catalogs \Yere cie- 
1-iseJ iirlginallT- to classil\. hnct ions  of E .  
ioli  gene products, one for broad functions 
iif the gene procluct (tor example, enzyme, 
rezulator, or transpiirt protein) and another 
tor specific physiological role. in the  cell 
(-17) s i m p l ~ f ~ e ~ i  n.ascomposite system 
devised to represent E ,  coli gene proJucts 
ranging from precisely known to loosely 
attrlbuteii functions in Fig. 3. Table 4 sum-
mar1:es the tunctional class ass i~nments  
useJ to classif!- each ORF. Pelidillg the  
location of the  coding sequences for 183 
knoivn E ,  coli proteins that ,ire not yet 
associated \\'it11 ORFs, nearly 42% of' the 
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O R F  are comr~letely unc11aracteri:eil. This olilv one match to a n  E .  cull rotei in. Tlie 
is similar tu the yroportion of ~~nassigned larqebt numl~er  of matchea to E ,  eoli is tound 
ORFs in other recently sequenced I-.acterial in  tlie Hclenioj~hiliis ~ljltci.11;ai. yenoliie (1.83 
genomes: H~zt ' inuph~l~is111~11it'iz:ae ( 4 3 " L > ) ,  hIl7 encoding 17173 proteins nit11 1132 hits 
S>ilec\iocy~ti.j513. (45"cj), a11i1 h f y c o j ~ l < [ b i i ~ ~ itci E .  coli proteins). HLleinophilza, like E .  coli, 
g e n ~ t ~ ~ l i z t i t ~(32'?1) ( 3 ) .  

T h e  largest \veil-Jc:iinecl hinctlonal 
grouL3 con>ist? of 281 transport and binciinp 
proteins. anil there are an  aLlilitlona1 146 
p~ ta t i r . e  transport and Il~nding proteins. I11 
contrast, 123 transport proteins have I3een 
~clentifieil in Hici.inoj~hil~i\and 34 in .Jl?co-
plasinc~(3 ) .  '&.hethel. this cllfterence retlects 
a larger n~ulllber o t  substrates to rranspi7rr, 
greater syecificlt\- of particular transporters, 
or .seater red~inilanc\-111 E ,  coli is not vet 
clear. I11 sharp contr,~st,  the  n~u1111xr of pro- 
tellis invol\,eLl irl translation is slm~l,ir for E .  
coli (182),  Hai.inoj~i~ilub(141), and hlyco-
jIl(l5l?lL7 ( 1 J l )  

O n  tlhe llasic (it 1827 c l~~~racter ized E .  soli 
proteins, Riley a n J  LalieJan (45) ilescribed 
i I pairs of so:\-mes, or multiple en:!-mes 

is a meml~er  (it tlhe gamma uhiiivisic~n pro- 
teol~acteria, mal\ing ~t the lilost closely re- 
lateil cornplete ~ e n o m e  a\.ailal3le tor conslei- 
eration (49).VC7e also compared t ~ v o  aildi- 
tional eulxicterial genomes: Svnt 'choc~st lssp. 
(3.6 hll., 3168 proteins, 675 11~s)  and L/>-
coplitriiici ~enlrcililiin (17.58 hill, 468 proteins, 
158 hlts). All four eubacterla ha\-e 11 1 
proteins in common. 

T h e  n~unhers of matches across l<ingdoms 
in the archeon l lerhLli~ococc~~s ( 1 .G liim~c~rchri 
hlb, 1738 proteins, 231 hits) and the eu-
ltaryote S~~ccliil~-ori~?cer ( 12.1 hl h ,ct'7i.z isiati 
5885 proteins, 254 hits) are remarkal3ly sim- 
llar to each other. Ho\vever, accordinp to our 
sit.nificance criteria, only 16 yroteins are 
conser\.eci alnoll? all six tasa; the!- are lar~ely  
translat~on p ro te i~~s ,  incl~ldmg seven r1l.o-

with i d e ~ ~ t i c a l  solllal proteins and t\vo aminoac>-l sy~ltheta- or nearl\- lclelitical func t~on .  
An adilitlonal 11 groups of potentially re- ses. O n e  i classiflei1 a, a hvpothetical ORF 

transporter ~ ~ r o t e l n s .  Riley anLl Labeilan (5 )  
collipiled a list o i  54 A B C  transy~orters 
alllong E ,  coli proteins, anii analysis of the 
proteins from the  complete genome re\-eals 
a11 additional 26 nlelnhers of this family. 
Determinatioii of the number of inciepen- 
clent Lxlralogo~~s gri>ups requires a carefill 
exa~ninat ion of all the  iuatches to a partic-
ular protein, follo\ved 13y inspection of all 
hit. to proteins containeii mithin the i~nitia! 
list of matches (3,a n J  a.111 require f~urther 
analysis. 

blany proteins are members of paralogous 
relie tc~milies and 1-m.e sigliiticant matches 
in other species. It \ \ d l  he iiifticult, if not 
impasihle, to ~~nambicluousl\- determine the 
relatlon l.et\veen similar penes in diffel-ent 
species ivhen the level o t  divergence be- 
tween orthiilopous genes ay~proaches tlhe lev- 
el of dil-ergence anlong paralogs \r:ithin a 
speclea. T h e  genes in all =enomes are derived 
fro111 a set of ~ulniq~ueallcestral e n e a  present 
in a priigenit~)rof all extant organisms. Cpori 
Lluylication of an  ancestral gene, copes  of 
the ~ e n e  lilay be s~hse~luent ly  lost through 

~ I u n J a n t  enzymes have lleen ~ ~ i e n t ~ i i e ~ l  natural selection or slmyly by a neutral sto- in E .  coli. S:1ccha7-inii\ctis. and Altith~li~ocoec~ir. 
aiiiollg the ne\vl\- seiluenceil ORF,. .41- hut 1s Je\critleJ as a pcltative 0-slalogl~co- 
t h o ~ u ~ h>eiluence similarit\ and f~ul~ctional 
overlap are not synonymous, these hylily 
conserveil protelllb [lmint accepteii muta-
tion:: per 1179 resiiiues ( P A l h l )  < 11171 are 
likely to carry out the same plil-siological 
iilnction. 

R.e halye not yct atte~ilpted to represent 
proteins TI-it11 111~11tiple roles that ciepend on 
p111 siological sircumsta~ices. O n  the basis of 
(ILII. present kninr-leJge, one-fourth ot the 
cell's resources are idex-oteil ti. small-mole-
cule metaboliaii and allout one-e~glith to 
laree-molec~~lemetal?i>lism, and at least 
one-titth i3t the cell's resources arc ,issoci,it- 
ed \\-ith cell structure and processes. O t  
course. thls distrill~ution mav be altered 
rillen the specific fillictiolis of the 1-emai11- 
inp 4C00 of the gene ~ r o J u c t ~l~ecome 
I i l l ( ~ \ ~ l l .  

Hotnc~l~lgy!~t'tltilc?lE. toll P'.ott'ins ( 1 1 1 ~ 1  tilt? 
o t / l t ' ~se i j~ i i l i l c~~i  Figllre 3 ;11ao yre- gt'noiilt's 
.elit> comparisons of the  4211s E i01i '1-i)-

reins 1~1 th  data fl-om ti1.e other com~?lete 
qenome> ( 3 ) ,repi-escntlnc the  three major 
l \ i~~vi lnmi.There are trvo components to 
the clq~~ltlcance of eacli iiatabaie hit: the  
degree of slmilarit\- lletrveen the  aligned 
pri>teilih, a1111 the ;1111ou11ts of tlie t\vi> 111-o- 
reins that are a l ig~ab le .  In Fiq. 3, \ye have 
pli>tted a >imple indes that takes bi>tli corn- 

To provide a preliminary eatllllate of the  
numlyer of orthaloclous ,eiiuences shared 1.v 
E. coli and each 'f these other coil~plete 
penomes, \ve c n ~ u ~ ~ t e i i  only matcl~es incluJ- 
ing at lea5t 6P"o o t  both proteins in all 
alignil~ent \\-it11 at least 3C"n identity. Each 
yrotei11 from ,111other species \\.a> permitteil 

l'rotein endopepticlase it1 l~ut11Hai.inoj~\ultts 
and A1~coj~l ic~inaon the basis of similarity to 
a Pasri.1~7-tilhhat'inolytica protein (52).  

Nearly 6??0 of E .  colt proteins have no  
match in an>- other complete genome con- 
sidereid. These ma\- retTreaent the subset of , 

prore~nsspecific to enterobacterial or E. coli 
processes a, well as insertion elements and 
phage x i t h  re,tricted ho>t  range. T h e  629 
proteins shareil exclus~r-ely hy Ha?,~~ophilzib 
and E.  coii ~nc lu~denew genes acquired in 
this line,ige. T h e  292 p ro te i~x  common to 
E.  ct)li and just one of the  other four specie, 

are indicative of n~umerous gene losses 0ver 
the course of genome evolution. Tliis pre- 
liminary analysis ot m mi la^-ity anlong se-
~ L K I I ~ ~ : :of coli~plete e n u m e s  yror-ides 
many avenues for iiurther study. 

Si~nilal-ity ci?no,lg E. coli p~oti.iiib .4lso 
p r e x ~ ~ r e i i111 Fig. 3 is a comparison of all the  
proteins of E .  q l i  \\it11 each o t h e ~ .  These 
can be Jiviileil into famille> ileflned by se- 
quence relatednes~ ( 5 ) .  A paralogous fiimily 
is generallv coml?oseLl of proteins \v1thi11 a 
<i~lplespecie> \\,it11 similar, t h o ~ ~ y l i  not  nec- 
essaril\- identical, f~mctions.  \S;e define pu- 
tatlve paraloya as ORFs that <hare a t  least 
3CL?0 qeiluence identity over more than 6PL!zb 
iit their l e n t h a .  T h e  similarity inJes  tor the 
liest paralog o i  eacli pene is plotteil 
in Fig. 3. Llany E, coli yr~)teins-l345-
have at least one paralocous sequence in 
the ~ ~ e n o ~ i i e .  size of a clelieT h e  relative 
family hi-each p r o t e ~ n  is also sho\v11 in Fig. 
3. Tlie layest ~ iumber  of significant hit.; to 
a sillgle protein (1.191;) nas  37. This pro-
tein 1s a meinl?er of tlie largest iamily of 
p a r a l o ~ o u ~ ~ r o t e i n s111 E coli, the A B C  

chastic yrocess. Alternately, the copies Lila\- 
he retained as r e~ lun~ ian t  svstems for esecut- 
lng 1112 original hiological f~lnction, or they 
ma\- diverge, r ~ i t h  one or both copes  glv111g 
rise to a novel f~lnction. This process o t  
ciuplication and J i~~ergence ,alonp \r:ith the 
occasional transfer o i  genes l~et\veen strains 
and species, pives rise to tlie present contents 
of a gellolile (5  1) .  C11aracteri:atlon of all E .  
coli p a r a l o g o ~ ~ q ~ > ~ p ~ u dcoinpari<on n r th  
youps from other species will allo\v exami- 
nation of the el-olutionarv exrents su r ro~~~i i i -  
ing protein Llivers~tication. 

Opi .~o i i r ,  p7.oitlortin, i111d p7.01eili bu~illiig 
sirt's. Operons, I~roinoters, and renulatory 
protein bincling sites are shor~11 in Flg. 3. A 
total of 2584 preiiicteil and l<nor~n operons 
are reL~resenteiI. Of 2192 predicted operons, 
a su~yl-isingly high 73% have only one gene. 
16.690 have tn.o genes, 4.6% have three 
genea, and G"I, have hcur a]- Illore genes. All 
of the111 liave a t  le,ist one 13romoter. eltliel- 
kno\vn or predicteii. Of 24Ci operoll regions 
\\-it11 yredicteLl ~romoters ,  68'?0 cuntaln one 
l'romoter, 2CL?0 contain t ~ v o  promoters, and 
12% contain three or more promoters. Reg- 
u l a t o r ~  sites are describecl in 6C3 reclions 
corresponding to 16';h of operoll I-egions and 
lCOO of interouel-onlc I-eeions. R'e estrmate 
that our seal-ell incl~liletl representatil-es of 
15 to 25'?0 of the total number of d i fkre~l t  
regulatory llilidil~g ~ I - O ~ C ' L ~ I Sin E.  colt, includ-
in: iites that are recoonlzeil by gloL3al regu- 
lators of ti-anscrlption (for example, sites 
l~ound  by the cyclic .4MP receptor protein, 
CRF).  '&.ithin the regions n.~tli  predicted 
sltes, 89.2'x~ a]-e rep~llated by one protein, 
d.4"n l ~ y  t ~ v oprotellis$ a~icl 2.4'?0 1ly tliree or 
more proteins. In 8 1 .29L1 o i  these reglolls 
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only one bite \\.,is founJ, l1.1"ii h a w  ti\-o 
sltes. and 6.6?!G 11al.e three or more iites. 
These numbers are more or less consibtent 
\vlth the distribution o i  rcgulatorv sites 
amolig a set o t  promoters \\.here trallscrip- 
tional regulatioli has l7ee11 \\,ell studied. In 
this collectioll ot 132 promoters, 73% are 
r q l ~ l a t e d  by one protein, and 43"o coliraili 
onlr- one >ite for the bi~ldmv of a revl~lator 
(52). .4 ~iumher  of E coli genes are part of 
l t n o \ ~ ~ noperons (Fig. 3, red arron s).  

R~.peitretlssc1zlsncc.s. A 11umber o t  repeat- 
eil scqucncez 1ial.e heen cllaracteri-.cd in the 
E i o i ~  eeni>me (53) .  T h e  number and dis- 
tribution o t  t l w e  sequences in the \\hole 
e l l o m e  are summari:ed in  Fig. 2. T h e  larg- 
est repeated >cqucnces in E.  coli K-12 are 
the five Rhs elements (all I ireviousl~ ile- 
scribeiii. \\~liicli arc 5.7 to 9.6 kb in lennth 
and together coiilprise 1'.S?'c. o t  the genome. 
They ha\-e no  kno\\m fu~lct ion,  a l t h o ~ ~ g h  
strain co~llpariso~lc suqgezt thev may be mo- 
b ~ l e  eleme~lts.  T h e  -41'-bp paliniiromic se- 
auence. \-ar~o~i.il\-referred to a> REP. BIh~lE. 
or PU constitute the largest cla\s of repeat>. 
The!. are often tound as tandem copiez, 
alternating in orientatii)n, in complexes 
called REP elements. R'e haye located 531 
such seuuences, in 314 REP elements c ~ > n -  
taininp tram 1 to 12 tandem coples (see also 
FIG. 1 ) .  Tliese elements accixuit for 0.54%) 

u 

of the irenome and are o t  ~ulkno\vn oripin 
and t~inct ion.  These can be suhiiivideil ~ n t o  
distinct claszes, as ilescriheil by Eacllell~er tit 
ai. (53) .  Ot the  other knon-n cmall iiisperzeil 
repeatc. \ve finii four ne\\- IRU (or ERIC! 
element>, for a total of 19; four l len  copiec 
o t  Box C, for a total of 33; anil oiily the 
17re\-~ol~s1yilescribed six copies of RSA. T h e  
i l i s t r~but~onof some of these repeateJ se- 
quences niav not he totally raniiom; k>r 
example, Box C ic ahsent over a l-hllyl 
spa11 in re~711cllore 2. 

rinother repeateii sequence found 111 the 
E. ioh gellolile 12 thi. Tzr seilucnce, \vIlicli 
acts a a one-\\.a\- gate or valve to block the 
progri.b>ion ot  the D N A  replication fcirli 
such that replication starting from the origin 
15 pre\-enteii from progressing bcvo~ld the 
termmus ruarked by the L l i j  site (54).  Fra11- 
$"is tit i l l .  (55) i i le~~tit ied 1C ilifterellt cliri7- 
nlosomal tragmentc \vith homolopy to an 
o l ~ g o ~ l l e r ~ iTc.r.4 prolie, 1 ~ 1 t  o n l ~ .seven Tzr 
seqLIencez (Ttii..4 throl~gh Te7-G) 11al.e been 
identified to date. \Sic foluld t\vo new copies 
of the 11-bp Ter core seiluence TGTTGTrl-
XCT.4, both of nhicli are located and ori- 
ented as expected relative to dij. 

T h e  sequence llailled LDR ( 1 I i occurs 
as thl.ee t a~ ldem copies at positions 

19-by sequence calleii the  iap repeat is 
tounLl in three clusters of 14. 2, and ; 
copieb, for ,i total o t  23 copes  (53 .  56 ) .  N o  
additional cclples of either of the,e sequenc- 
es are t o ~ ~ n i l  in the  rebt of the  gellome. 

1n~c.rtioi1.\c.q11~1cesTl1e cliri i i~~osome of 
E. coli K-11 contains ,i number of autono- 
mously trallspozal7le ele~llelitc that are im- 
plicated 111 the qeneration of man\- bponta- 

l,nuniIaries of the  other  lamhdoici pro-
~11ai.c remain to  be allnot,ited. T h e  "cryp- 
t~ P4" pliape CP4-57 (59)  is located a t  57 
mi~lutes ,  where it is l~lsertecl 111to the  sta- 
hle R N A  pene i ~ r i i .  T h e  i ~ ~ n c t i o nse-
iluellces (59)  ,illo\ved 11s to  identity the  
extended attL and a t tR sequences a n J  to  
i lefi~le the  endpoints ot the  prophage 
( p o > ~ t i o n s2,753.956 and 2,776,13$7); our 

neou? mutatio~ls-not onll- by earlier report (GenBank accession ~ ~ i s e r t ~ o ~ l a l  num-
inactivat~on, but also by ilelerio~ls, ~luplica- 
tions, and inversions. Est~~i la tes  1lal.e bee11 
made as to the IS element w t  present 111E 
ioli K-12 n h c n  or~ginally isolated (57) .  Tlie 
IS elements' niap positions are sho\vn in Fig 
2. There are two m ~ ~ l t ~ c o m p o n e n t  cll~ctcrc. 
.4t positions 169,431' to 171,751, tliere is a n  
IS911-related \eiluence ( 6 j 0 0  match),  
\I-hich n e  tern1 IS91 l X ,  interrllpted b\- a 
copv of IS31'. r i t  pozitions 4,524,683 to  
4,5C7,369, there is a Illore t;litlltul copy ot 
IS91 1 (dcsiqnated IS91 l B ) ,  \vhich is a1.o 
interrupteii hy a copy of IS313 as \ve11 az 1.y a 
piece of IS6CC. This ic the  only IS613C-
relateil sequence 111 the genome. R7c iiiJ not  
t~~i i ithe  copv of IS629 that hail heen >us- 
pected t ro~l l  Iiybridi~ation studies (5'8). 

Cryptic prophags aild phags rc'mnioirs. As  
orig1nal1~- isolateii. E .  coli K- 12 carried 
bacteriopliage lambiia plus tlii. de fec t~ve  
lambdoid prophages DLP12, Rac, and 
Q l n ,  tlie e le~l ient  e l 4 ,  a1ii1 the  recently 
Jesc r~ l~e i lCP4-57 (59) .  Dekct i l -e ,  or cr\-p- 
t ic,  prophages have lost some t~uict ions  
essential tor lytic growth and the  Iirnduc- 
t ion of infcctii3us particles, hut still retain 
other  f i r ~ l c t ~ o ~ i a l  pliaqc genes. Thel- call 
rescue m u t a t ~ o n s  in  related ~ ~ ~ f e c t i l l g  bac-
teriophapes b\- recoml?~ning \vith t l ie~l l  t o  
generate vialile hvbrids. Figure 2 she\\-s a 
histogram plot prese~ltiny a11 sequence 
nlatches to the  phage protein? in SWISS- 
PROT. 111aiiiiltion to  clarity~ng the  struc- 
ture o t  the  kno\\-n r , .r i>pl~a~es, \ye identi- 
t ~ e d  three new cryptic priiphages. hlore- 
over. \ve fo~u ld  numerous instance> of so-
lateii yenes that are similar to bacter~opliaye 
genec. X'e c,ill these single genes "phage 
remnants" to ilictinpuish theni tiom the larg- 
er c n p i c  proplmge~ .4ltlloupll thic implies a 
phage orig~n-the last l.eztlges ot  a cryptic 
prophage r a ~ ~ a g e d  qenes117 ileletiuns-these 
mal- actuall\- be homolop. cncodeii bl- both a 
kacteriopliage and itc llozt, \\,it11 no  reacil-
i~i~i icat ionas to n.hic11 genome \\.as the mi:- 
~ n a l  carrier. 

\S;e determined tlie precice e n d y o ~ n t s  
of e l 4  in  h' iGl655 (pi>sitions 1,195.432 
and 1.2 113,646). including terminal 1 1 - l ~ p  

ber U36S4C) that  a t tR n a s  deleted in  
h l G l 6 5 5  n.a> a mis~n te rp re ta t io~ i .  

R'e have discovered t ~ v o  ncn. cr\-ptic 
Iiropliages, seemingly related to CP4-57, 
n.hicli we lianie CP4-6 and CP4-44 after 
their lliiliute pi )s~t io~ls .T h e  three C P 4  
prophage are organixd >imilarly and en-  
ci>Je <ever31 c11111lar proteins. although 
they do  no t  share tlie same at tachment  
?Ite>. W e  infer that  CP4-6 i> integrated 
in to  t R N A  gene thr\V (69)hecause tlie 3 '  
end o t  thl-KT is d~iplicated 34.142 bp dovv11- 
strean1 aiijacent to bC281, a lio~llolog of 
sc\reral Integrases. This  prophage (posi-
tions 262,172 to 296,489) ~ncluiles clrgF, a 
k n o \ ~ - ~ ~  111 the  arginine "ilupl~cate" gene 
llios~.nthecis patli\vay that  ha> been sug- 
gested ti> have been acql~ired th ro l~gh  a 
tra~lsposition event (hi) .  It also i~lcludes 
the  IS91 1 A  comples,  a partla1 IS33 copy, 
tn.o copies o t  IS1, anL{ one copy of IS5. 
CP4-44 is less well defined (approximate 
i . n i i p o ~ ~ ~ t s;it pos~tiions 2 ,064, lS 1 and 
2.1377,C53) and n c  buspect that  insertion 
of the  IS5 a t  its left end may 1ial.e been 
accompan~ed  by a iieletioll of part of the  
propllage; altholigli it shares other ORFs 
n-1t11 CP4-6 and CP4-57, it ha\  n o  candl- 
date lntegrase or associated direct repeats 
that  m ~ g l i t  be a t t  sites. 

ri thirii new cryptic prophage is located 
in the wt operon. Its presumptive integrase 
(1.1442) resenihles that ofphiR-73, Sf6, and 
the  CP4  family, but n o  other ORFc suggest 
1t5 inclusion in the CP4  group. T h e  end- 
points of the e l eme~l t  (pocitionc 2,556,711 
and 1,563,538) \\.ere d e f i ~ ~ e d  by comparison 
\\.it11 the  sequence of typhl-Sitlino~~~.llic 
in1i.i.illr11, from n~liich the element is ~ l l i~s i l lg  
(62) .  T h e  S-bp ii~rect repeat T C r i G G X A G  
at the e~iiic is precent as a si~lgle copy in 
Sali~~onelll~.T h e  \Xi3 119 sequence trom the 
japanese group (http://mol.genes.~iig.~~c.~p/ 
ecali/) is mi?sing this e leme~l t ,  which, in 
light of the K-12 sqggests that this 
element is able to excise. 

Conclusion 

Altliollgh the  iieterillillation ot the  com- 
plete E ,  ioii sequence hay rcq~lireci almost 
6 \-ears, this represents only tlie beginning 
of our ~lnilerctaniiing. Further research will 
be rcql~ired ti> iletermine the  preclse f ~ ~ n c -  
tions for all of the  gene> by qlobal tran- 

direct repeats, from the  publislicd e s c ~ s e d  
1.268,3$8 to 1,169,848; a lone fi>urtli copy, elelllellt and el4-fl-ee cliroluocoiile se-
shorter and iiiverqed t i i , i~ithe  consensus of ~ l ~ l e ~ i c e s  ,~cces>ion numliers (GenBanl< 
the other copies, i> located at p o s ~ t ~ o ~ ~ sA119693 and  h119683). T h e  1819-bp Pill 
3,697,523 to  3,697,888. I11 the region lye- invertable P-reqion of e l 4  is in the  (-) 
t\veen pos~tions 2,S75,665 and 2,9132,432, a orientatiali in this secjuence. Tlie precise 
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isttsm 
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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