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ABSTRACT The relationship of valine resistance .to the
expression of the ilvGEDA operon of Escherichia cob K-12 has
been determined. DNA sequence and in vivo protein analyses in-
dicate that in wild-type E. coli K-12 there is a frameshift site within
the gene (ilvG) for valine resistance. The ilvG+2096 (formerly des-
ignated ilv02096) mutation displaces this frameshift site, resulting
in the~expression of ilvG and the relief of transcriptional-polarity
on the distal genes of this operon. Thus, the "ilvO" mutation, which
concomitantly confers valine resistance and increased expression
of the ilvEDA genes, is, in fact, the "reversion" of a polar site
within the first structural gene-of the.ilvGEDA operon.
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Nearly a quarter of a century ago Tatum (1) noted that, in the
absence of isoleucine, valine inhibits the growth of Escherichia
coli K-12. This sensitivity to exogenous valine is due to the feed-
back inhibition of the acetohydroxy acid synthase (AHAS) iso-
zymes, which catalyze the first step in the biosynthesis of both
valine and isoleucine (2). The genomes of wild-type.E. coli
strains contain genes for three AHAS isozymes: ilvB (AHAS I;
ref. 3), ilvG (AHAS II; ref. 4), and ilvHI (AHAS III; ref. 5).
Although E. coli K-12 possesses these threegenes, it expresses
only the AHAS I and AHAS III activities (4). The AHAS I and
AHAS III isozymes are both sensitive to feedback inhibition by
valine, whereas the AHAS II isozyme (not expressed in E. coli
K-12) is resistant to this inhibition. Consequently, exogenous
valine inhibits the total AHAS activity in E. coli K-12, resulting
in a starvation for the other end product of the common bio-
synthetic pathway, isoleucine.

Several types of valine-resistant derivatives of E. coli K-12
can be isolated (6). One class of these valine-resistant strains
contains a cis-dominant mutation, heretofore designated "ilvO"
(7), which has been genetically mapped between mutations in
ilvG and ilvE (8, 9). This mutation results in the expression of
the normally cryptic ilvG gene product AHAS II -(hence, the
valine-resistant phenotype; ref. 4) and, concomitantly, a 5- to
10-fold increase in the expression of the ilvEDA genes. Because
of the coordinant derepressing effect of these ilvO mutations,
,it was long thought that they defined a regulatory region for the
ilvEDA genes (7, 10). However, it has been recently shown that
ilvG and ilvEDA are, in fact, contiguous genes of a single op-
eron, ilvGEDA, regulated by a promoter-attenuator region,
ilvL, preceding ilvG (11-14).

In order to understand the nature of the ilvO site in E. coli
K-12, we determined the DNA sequence of the ilvG gene of
wild-type E. coli K-12 and of a valine-resistant derivative con-
taining a mutation designated iAv02096 (9). We find that there
is a frameshift site within the ilvG gene of wild-type E. coli K-
12. The i1v02096 mutation (a two-base insertion event) displaces
this site, permitting the expression of the ilvG gene product,

FIG. 1. Schematic representation of ilvLGE' region of the ilvGEDA
operon. The arrows indicate the translation stop sites for the ilvG- and
ilvG' gene products according to DNA sequences shown in Figs. 2 and
3. bp, Base pairs.

AHAS II. The concomitant increase in the expression of the
distal portion of the ilvGEDA operon is therefore presumed to
be due to relief of transcriptional polarity.

MATERIALS AND METHODS

Restriction enzymes were obtained from New England Bio-
Labs, were prepared by standard methods, or were a gift of
Charles Yanofsky. Plasmids were prepared as described (11).
Construction and characterization of plasmid pRL5 have been
described (11). pRL5 is a plasmid with a 4.8-kilobase HindIII
fragment from the ilv region of wild-type E. coli K-12
(ilvLG-E') cloned into the single HindIII site of pBR322. The
i1v02096 and ilvE2105 mutations were mobilized from strain
CU693 (i1v02096 ilvE2105; ref. 9) onto Adilv58 (8) by homolo-
gous recombination to give Adilv58W. Plasmids pAH4 and
pAH29 were constructed by insertion of the 4.8-kilobase
HindIII restriction fragment from Adilv581, which includes the
beginning of the ilvGEDA operon (ilvLGE'), into the HindIII
restriction site of pBR322. This HindIII restriction fragment in
pAH4 is in the opposite orientation of the analogous HindIII
restriction fragment in pRL5 and pAH29. DNA restriction frag-
ments were prepared and DNA sequence was analyzed as de-
scribed by Maxam and Gilbert (15). The DNA sequence of both
strands of wild-type E. coli K-12 DNA was determined from
restriction fragments of pRL5 (ilvG-) and compared to DNA
sequences from pAH4 (ilvG'2096).

RESULTS

In order to understand the absence of the AHAS II isozyme in
wild-type E. coli K-12 and its presence in ilvO-containing strains,

Abbreviations: AHAS I, II, and III, isozymes of acetohydroxy acid syn-
thase; bp, base pair(s).
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+1 Met-Thr-Ala-Leu
MAMMTAT CTTGTACTAT TTACAAAACC TATGGTMCT CTTTAGCCAT TCCTTCGMC MGATGCAAG AMAGACAM ATG,ACA,GCC,CTT
fTfTTATA GMCATGATA AATGTTTTGG ATACCATTGA GAAATCCCTA AGGAMGCTTG TTCTACGTTC TTCTGTTT TAC,TGT,CGG,GM

Leu-Arg-Val-Ile-Ser-Leu-Val-Val-Ile-Ser-Val-Val-Val-Ile-Ile-Ile-Pro-Pro-Cys-Gly-Ala-Ala-Leu-Gly-ArgGly-Lys-Ala-Stop
+45 CTA, CGA,GTG, ATT, AGC ,CTC,GTC ,GTG, ATT, AGC, GTG, GTG, GTG, ATT, ATT, ATC, CCA, CCG, TGC ,GCG ,GCT, GCA, CTT,GGA, CGA, CGA,AMG,GCT, TAG AG

GAT, GCT,CAC, TM, TCG,GAC, CAG, CAC,TM,TCG,CAC,CAC,CAC, TM, TM, TAG,GGT,GGCACG, CCC,CGA, CGT,GM, CCT,GCT,CCT, TTC,CGA,ATC TC

+134 ATCMGCCT TMCGMCTA AGACCCCCGC ACCGAMGGT CCGGGGGTTT TTTTTGACCT TAAAAACATA ACCGAGGAGC AGACMTGM TMCAGCACA MATTCTGTT
TAGTTCGGA ATTGCTTGAT TCTGGGGGCG TGGCTTTCCA GGCCCCCAAA AMCTGGA ATTTTTGTAT TGGCTCCTCG TCTGTTACTT ATTGTCGTGT TTTMGACM

+243 TCTCMGAT TCAGGACGGG GMCTMCTA TGAATGGCGC ACAGTGGGTG GTACATGCGT TGCGGGCACA GGGTGTGMC ACCGTTTTCG GTTATCCGGG TGGCGCMTT
AGAGTTCTA AGTCCTGCCC CTTGATTGAT ACTTACCGCG TGTCACCCAC CATGTACGCA ACGCCCGTGT CCCACACTTG TGGCAAAAGC CMTAGGCCC ACCGCGTTM

Met-Pro-Val-Tyr-Asp-Ala-Leu-Tyr-Asp-G ly-Gly-Val-Glu-His-Leu-Leu-Cys-Arg-His-Glu-Cln-Gly-Ala-Ala-Met-Ala-Ala-I le-Gly-Tyr
+352 ATG,CCG,GTT,TAC,GAT,GCA, TTG, TAT,GAC,GGC,GGC,GTG,GAG, CAC, TTG, CTA, TCC,CGA,CAT,GAG,CAC,GGT-,GCG,GCA, ATG,GCG,GCT,ATC,GGTTAT
TACGGCC+5,ATG,CT2,CGTCATACT2,CCG,CCG,CAC,CTC,GTG,AC,GAT,ACG,GCT,GTA,CTC,GTC,CCA,CGC,CGT,TAC,CGC,CGA,TAG,CCAATA

Ala-Arg-Ala-Thr-Gly-Lys-ThrGly-Val-Cys-I le-Ala-Thr-Ser-Gly-Pro-Gly-Ala-Thr-Asn-Leu-I le-Thr-Gly-Leu-Ala-Asp-Ala-Leu-Leu
+442 GCT,CGT,GCT,ACC,GGC,MA,ACT,GGC,GTA,TGT,ATCGCCACG,TCT,GGT,CCGGGCGCAACCMCCTGATAACCGGGCTT,GCGGACGCA, CTG, TTA

CGA,GCA,CCA,TGC,CCG,Tm,TGA,CCG,CAT,ACA,TAGCGGTGC,AGA,CCA,GGCCCCGCGTTGGTTGGACTATTGGCCCGMA CGCCTGCGTGACAMT
Asp-Ser-I le-Pro-Val-Val-Ala-I le-Thr-Gly-Gln-Val-Ser-Ala-Pro-Phe-I le-Gly-Thr-Glu-Ala-Phe-Gln-Glu-Val-Asp-Val-Leu-Gly-Leu

+532 GAT, TCC,ATCCCTGTTGTTGCCATC, ACC,GGT, CAACTG,TCCGCA, CCG, TTT, ATCGGCACTGAC,GCA,TTT, CAGGMGTGGATGTCCTGGGA, TTG
CTAAGG,TAGGGACM, CM, CGC TAGTGG, CCAGTTCAC,AGG, CGTGGC ,AAA, TAC CCG, TGACTG,CGT, MAGTCCTT CACCTACAGGACCCT, MC
Ser-Leu-Ala-Cys-Thr-Lys-His-Ser-Phe-Leu-Val-Gln-Ser-Leu-Clu-Glu-Leu-Pro-Arg-I le-Met-Ala-Glu-Ala-Phe-Asp-Val-Ala-Cys-Ser

+622 TCG, TTA, GCC,TGT,ACC,MG,CAT,AGC, TTT,CTG,GTG,CAG,TCG, CTGGMGAG,TTG,CCG,CGC,ATC,ATGGCTGMGCA, TTCGAC,GTT,GCC,TGCTCA
ACMT, CGG,ACA,TGG,TTCGTA, TCGAM,AGAC, CAC,GTC,AGCGACCTT, CTC,AAC,GGC,GCG, TAG, TACCGACTTCGTMGCTG,CM,CGG,ACGAGT
Gly-Arg-Pro-Gly-Pro-Val-Leu-Val-Asp-I le-Pro-Lys-Asp-I le-Gln-Leu-Ala-Ser-Gly-Asp-Leu-Glu-Pro-TrpPhe-Thr-Thr-Val-Glu-Asn

+712 GGT,CGT,CCT,GGT,CCG,GTT,CTG,GTC,GAT,ATC,CCA,MA,GAT,ATC,CAG,TTA,GCC,AGC,GGT,GAC,CTG,GM,CCG,TGG, TTC,ACC,ACC,GTT,GM,AAC
CCA,GCA,CGA,CCA,GGC,CAA,GAC,CAG,CTA,TAG,GGT,TT,CTA,TAG,GTC,AMT,CGG,TCG,CCA,ATG,GAC,CTT,CGC,ACC,AAG,TGG,TGG,CAA,CTT,TTG
Glu-Val-Thr-Phe-Pro-His-Ala-Glu-Val-Glu-Gln-Ala-Arg-Gln-Met-Leu-Ala-Lys-Ala-Gln-Lys-Pro-Met-Leu-Tyr-Val-Gly-Gly-Gly-VaI

+802 GAAGTG,ACT,TTC,CCA,CAT,GCCCGMGTT,GAGCM,CGCCGC ,CAG, ATG, CTG, GCA, AMA,GCG,CM,MA, CCG, ATG, CTG, TAC ,GTT,GGC,GGT,GGC ,GTG
CTT, CAC,TGA,AMG,GGT,GTA, CGG, CTT, CAA,CTC,GTT,CGC,GCG, GTC, TAC ,GAC, CGT, TTT,CGC,GTTTTT, GGC, TAC, GAC, ATG, CAA,CCG,CCA,CCG, CAC

Gly-Met-Ala-Gln-Ala-Val-Pro-Ala-Leu,-Arg-Glu-Phe-Leu-Ala-Ala-Thr-Lys-Met-Pro-Ala-Thr-Cys-Thr-Leu-Lys-Gly-Leu-Gly-Ala-VaI
+892 GGT,ATG,GCG,CAG,GCA,GTT,CCG,GCT,TTG,CGT,GM,TTT,CTC,GCTGCC,ACA, MA,ATG,CCT,GCC, ACC, TGT,ACG,CTG,AMA,GGG,CTG,GGC,GCAGTA

CCA,TAC,CGC,GTC,CGT,CM,GGC,CGA,AMC,GCA,CTT,MA,GAG,CGA CGG,TGT,TTT,TAC,GGA,CGG,TGC ACA,TGC,GAC,TTT,CCC,GAC,CCG,CGT, CAT

Glu-Ala-Asp-Tyr-Pro-Tyr-Tyr-Leu-Gly-Met-Leu-Gly-Met-His-Gly-Thr-Lys-Ala-Ala-Asn-Phe-Ala-Val-Gln-Glu-Cys-Asp-Leu-Leu-Ile
+982 GAA,GCA,GAT,TAT,CCG,TAC,TAT,CTG,GGC,ATG,CTGGGGATGCACGGCACC MAAAGCGGCAAMCTTCGCGGTGCAGGAGTGTGACCTC CTGATC

CTT, CGT,CTA,ATA,GGC,ATG,ATA,GAC,CCG,TAC,GACCCCTACGTGCCGTGCTTTCGCCGTTTGAMGCGCCACGTCCTCACACTGGACGACTAG
Ala-Val-Gly-Ala-Arg-Phe-Asp-Asp-Arg-Val-Thr-Gly-Lys-Leu-Asn-Thr-Phe-Ala-Pro-His-Ala-Ser-Val-Ile-His-Met-Asp-Ile-Asp-Pro

+1072 GCCGTGGGCGCACGTTTTGATGACCGGGTGACCGGCMACTGMCACC, TTCGCGCCACACGCCACTGTTATCCATATGGATATC,GACCCG
CGG, CAC, CCG, CGT, GCA, AAA, CTA, CTGGCC, CAC, TGG, CCG, TTGAC, TTG, TG MG, CGCGGTGTG, CGG, TCA,CM TAGGTA, TAC ,CTA, TAG,CTGGGC
Ala-Glu-et-Asn-Lys-Leu-Arg-GlnAla-His-Val-Ala-Leu-Glu-Gly-Asp.Leu-Asn-Ala-Leu-Leu-Pro-Ala-Leu-Gln-Gin-Pro-Leu-Asn-Gln

+1162 GCAGM,GATG,MC,MG,CTGCGTCAGGCA, CAT,GTG,GCA,TTA,CMGGTGATTTA,MT,GCT,CTG,TTACCAGCATTA,CAG,CAG,CCG,TTA,MTC
CGT, CTT,TAC,TTG,TTG,CAC ,GCAGTC, CGTGTA,CAC,CGT,AMT,GTT, CCA, CTA, MT,TTA,CCA,GAC,MT, GGT, CGT, MT,GTC,GTC,GGC,AMT,TTA, G
Tir-Asp-Trp-GlnrGln-His-Cys-Ala-Glu-Leu-Arg-Asp-GluHis-Ser-TrpArg-Tyr-Asp-His-Pro-Gly-Asp-Ala-Ile-Tyr-Ala-Pro-Leu-Leu

+1252 GAC,TGG, CAG, CM, CAC, TGC,GCG,CAG,CTG,CGT,GAT,GM,CAT,TCC,TGG,CGT,TAC,GAC,CAT,CCC,GGT,GAC,GCT, 4TC,TAC,GCG,CCG, TTG,TTG
CTG,ACC,GTC,GTT,GTG,ACG,CGC,GTC,GAC,GCA,CTA,CTT,GTA,AGG,ACC,GCA,ATG,CTG,GTA,GGG,CCA,CTG,CGA,TAG, ATCGC,GGC,AMC,AAC

Leu -Lys-Gln-Leu-Ser-AspArg-Lys-Pro-Ala-Asp-Cys-Val-Val-Thr-Thr-Asp-Val-Gly-Gln-His-Gln-Me t-Trp-Ala-AJla-Gln-His-Ile-Ala
+1342 TTAMACM, CTG, TCGGATCGTAAA, CCTGCGGAT, TGCGTCGTGACCACAGATGTGGGG, CAG, CACCAGATG, TGGGCT,GCGCAG,CAC,ATCGCC

MATTmGsTTGACAGCCCTAGCATTTGGACGCCTAACGCAGCAC,CTGGTGTCTACACCCCGTCGTG GTCTACACCCGACGCGTC,GTG,TAGCGG
His-Thr-Arg-Pro-Glu-Asn-Phe-I le-Thr-Ser-Ser-Gly-Leu-Gly-Thr-Met-Gly-Phe-Gly-Leu-Pro-Ala-Ala-ValGly-Ala-Gln-Val-Ala-Arg

+1432 CACACTCGC,CCG,GM,AMTTTCATCACCTCCAGCGGTTTA,GGTACCATGGGTTTTGGT,TTA,CCG,GCGGCGGTT,GGC,GCA,CCM,GTC,GCGCGA
GTCTGAGCG,GGC,CTT,TTA, MG, TAG, TGG, AGG, TCG CCA, MT,CCA, TGG, TAC CCA, MA CCA,AMT,GGC,CGC, CGC, CM,CCG,CGT,GTT,CAG,CGC ,GCT
Pro-Asn-Asp-Thr-Val-Val-Cys-I le-Ser-Gly-AspGly-Ser-Phe-Met-Met-Asn-Val-Gln-Glu-Leu-Gly-Thr-Val-Lys-Arg-Lys-Gln-Leu-Pro

+1522 CCG,AMC,GAT,ACC,GTT,GTC,TGT,ATC, TCC,GGT,GAC,GGC,TCT,TTC,ATG,ATG,AMT,GTG,CM,GAG,CTG,GGC,ACC,GTA,AMA,CGC,AMG,CAG, TTA,CCG
GGC, TTG,CTA, TGG,CAA,CAG,ACA, TAG,AGG,CCA,CTG,CCG,AGA,MG, TAC,TAC,TTA,CAC,GTT,CTC,GAC, CCG, TGG,CAT,TTT,GCG, TTC,GTC,MT,GGC
Leu-Lys-Ile-Val-Leu-Leu-Asp-Asn-GlnArg-Leu-GlytMet-Val-Arg-GlnTrpGln-Gln-Leu-Phe-Phe-Gln-Glu-Arg-Tyr-Ser-Glu-Thr-Thr

+1612 TTGAAA, ATCGTC, TTACTCGATMCCAA, CGG, TTAGGG, ATGGTT, CGACM, TGGCAGCMCTG,TTT,TTT, CAGGM, CGA, TAC,AGC,GM,ACC,ACC
AACTmTTAGCAGAMTGAGCTATTGGTTGCCAMTCCCTACCMA GCTGTTACCGTCGTTGAC,AA,MAA GTCCTT-GCTATG,TCG,CTT,TGGTGC
Leu-Thr-Asp-Asn-Pro-Asp-Phe-Leu-Met-Leu-Ala-Ser-Ala-Phe-Gly-Ile-His-Gly-Gln-His-Ile-Thr-Arg-Lys-Asp-Gln-Val-Glu-Ala-Ala

+1702 CTT,ACT,GAT,MC,CCC,GATTTC,CTC,ATG,TTA,GCC,AGC,GCC,TTC,GGC,ATC,CAT,GGC,CAA,CAC,ATC,ACC,CGG,MA,GAC,CAG,GTT,GM,GCG,GCA
GMA,TGA, CTA, TTG,GGG, CTAAMG,GAG, TAC,AMT, CGG, TCG, CGG, AAG, CCG, TAG,GTA, CCG,GTT, GTG, TAG, TGG,GCC, TTT, CTG,GTC, CMA,CTT, CGC, CGT
Leu-Asp-Thr-Met-Leu-Asn-Ser-Asp-Gly-Pro-Tyr-Leu-Leu-His-Val-Ser-I le-Asp-Glu-Leu-Glu-Asn-Val-TrpPro-Leu-Val-Pro-Pro-Gly

+1792 CTCGACACCATGCTGMCAGTGATGGGCCATACCTGCTTCATGTCTCA, ATCGACGMCTTGAG,MCGTCTGGCCG,CTG,GTG,CCG,CCTGGC
GAGCTGTGGTACGACTTGTCACTACCCGGTATGGACGCM GTACAGAGTTAGCTGCTTGM,CTC,TTGCAGACCGGC,GAC,CAC,GGC,GGACCG
Ala-Ser-Asn-Ser-Glu-Met-Leu-Glu-Lys-Leu-Ser-Stop

+1882 GCC,ACT,AMT,TCA,GM,ATG,TTGGAG, A, TTA, TCA, TA TGC MCATCAGGT CMTGTATCG GCTCGCTTCA ATCCAGMAC CTTAGMCGT GTTTTACGC
CGG,TCA,TTA,ACT,CTT,TAC,MC, CTC, TTT, MT, ACT, ACT ACG TTGTAGTCCA GTTACATAGC CGAGCGMGT TAGGTCTTTG GMTCTTGCA CAAMTGCG

+1980 GTGGTGCGTC ATCGTGGTTT CCACGTCTGC TCMTGMTA TGGCCGCCGC CAGCGATGCA CAAMTATM ATATCGMTT GACCGTTGCC AGCCCACGGT CGGTCGACT
CACCACGCAG TAGCACCMA GGTGCAGACG AGTTACTTAT ACCGGCGGXG GTCGCTACGT GTTTTATATT TATAGCTTM CTGGC6GGQ ICGGGTGCCA GCC&GCTG,

+2089 TACTGTTTAG TCAGTTAAAT AAACTGGTGG ACGTCGCACA CGTTGCCATC TGCCAGAGCA CMCCACATC ACMCAAATC CGCGCCTGAG CGCAAAAGG MTATAAAA
=UbhCA6ATC AGTCMATTA TTTGACCACC TGCAGCGTGT GCAACGGTAG ACGGTCTCGT GTTGGTGTAG TGTTGTTTAG GCGCGGACTC GCGTTTTCC TTATATTT
Me t-Thr-Thr-Lys-Lys-Ala-Asp-Tyr-I le-Trp-Phe-Asn-Gly-GluMet-Val-Arg-Trp-Glu-AspAla-Lys-Val-His-Val-Met-Ser-His-Ala-Leu

+2197 ATC ACCACGAMGAAA,GCTGATTACATTTGGTTCAMTGGGCAGATGGTTCGCTGCGMGA,GAC,GCG,MAGGTG,CAT,GTG ATG,TCG,CAC,GCG,CTG
TACTCC TGCTTCTT,CGACTAATGTMA ACCAMGTTACCCCTCTACCMA GCGACCCTT,CTG,CGC,TTCCAC,GTA,CACTAC,AGC,GT(P,CGC,GAC
His-Tyr-Gily-Thr

+2287 CAC,TAT,GGC,ACT
GTG, ATA, CCC, TGA

FIG. 2. Nucleotide sequence of the iluLGE' portion of the ilvGEDA operon. The sequence was determined from sequence analysis of both strands
of wild-type E. coli K-12 DNA from pRL5 (ilvG-), which is as shown except that the wild-type sequence is missing two nucleotide pairs (either
TA or TA) in the region from bp + 1251 to + 1254. The regions of ilvG+ (ilv02096) DNA sequenced from pAH4 were from bp + 1070 to + 1355 and
+1455 to +2214. These sequences are identical to those shown. bp + 1 denotes the point of transcription initiation (12); bp +33 to + 128 encodes
the leader polypeptide (12); bp +352 to + 1914 is the proposed coding region for the ilvG gene; bp +2197 is the beginning of the ilvE gene. The box
around bp + 1251 to + 1254 denotes the site of the i1v02096 mutation. bp + 1254 to + 1256 denote the stop codon for the truncated ilvG polypeptide
of wild-type E. coli K-12. The base pairs underlined between bp +2063 and +2095 represent the proposed internal promoter based on consensus
promoter sequences (16).

the DNA sequence of the 2-kilobase ilvG region between ilvL The DNA sequence of the ilvG+ (ilv02096) gene presented in
and the beginning of the UivE gene was determined (Fig. 1). Fig. 2 differs from the wild-type E. coli K-12 sequence by the
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FIG. 3. Autoradiograph of 8% polyacrylamide sequencing gel of
Maxam and Gilbert of the ilvG gene in the region of the ilv02096 mu-
tation in wild-type E. coli K-12 (Left) and the ilv02096 mutant (Right).
The sequence is for the lower strand shown in Fig. 2. Two nucleotides
absent in the wild-type sequence are indicated (bp 1252 and 1253). The
singlePvu II endonuclease restriction site in ilvG (Fig. 1) is identified.

presence of two additional nucleotides, either A-T or T-A, in
the region from base pairs (bp) 1251 to 1254. That is, in mutant
dv02096 (ilvG+), the DNA sequence from bp 1250 to 1255 is
A-A-T-A-T-G whereas the wild-type (ilvG-) sequence is A-A-T-
G. An autoradiograph comparing the DNA sequence of the seg-
ment of the ilvG gene that contains the iAv02096 mutation (from
pAH4) with the DNA sequence of the same segment of this
gene from wild-type E. coli K-12 (from pRL5) is shown in Fig.
3. This DNA sequence is the lower strand presented in Fig. 2.
The single Pvu II site between ilvL and ilvE is indicated (Figs.
1 and 3). From these data it appears that, in wild-type E. coli
K-12, translation of ilvG is terminated by the UGA codon (bp
1254-1256, Fig. 2), which is in the translation frame of the prox-
imal portion of ilvG. This would result in the formation of a 300-
amino-acid protein that terminates prior to the Pvu II site (Fig.
1, ilvG- product). A mutation to ilvG+ (presumably either a
single-base deletion or a two-base insertion as in iAv02096) must
change the reading frame and allow the formation of the 521-
amino-acid AHAS II protein (Fig. 1, ilvG' product).

This expectation is confirmed by analysis of the protein prod-
ucts of plasmids pBR322, pRL5, and pAH29 in the "maxi-cell"
strain described by Sancar et aL (17). This E. coli strain contains
recA and uvrA mutations, which, upon irradiation, result in
extensive degradation of chromosomal DNA. Plasmids that
have not received a direct UV hit continue to replicate, resulting
in an enrichment of the plasmid and, hence, of plasmid prod-
ucts. Thus, addition of a radiolabeled amino acid after plasmid
enrichment permits specific labeling of the plasmid-encoded
proteins. Lanes A, B, and C in Fig. 4 present, respectively, the
protein products of pBR322, pRL5, and pAH29. As can be seen,
there is a protein of Mr 35,000 in lane B (ilvG-) that is not
present in lane A or C. Likewise, there is a protein of Mr
70,000 present in lane C (ilvG', i1v02096) that is not present
in lane A or B. The protein of Mr 11,000 is the truncated AivE'
gene product formed by the fusion of the first 243 bp of this
gene with the 15 bp following the HindIII site of pBR322 (18).
These data are consistent with our analysis of the DNA se-
quence presented in Figs. 2 and 3.

FIG. 4. Autoradiograph of in vivo [35S]methionine-labeled pro-
teins encoded by-plasmids pBR322 (lane A), pRL5 containing the ilvG-
gene from wild-type E. coli K-12 (lane B), and pAH 29 containing the
ilvG' gene from the ilv02096 mutant (lane C). Samples were prepared
and electrophoresis was performed on a NaDodSO/polyacrylamide
(12.5%) gel by the methods of Sancar et al. (17).

DISCUSSION
Our knowledge of the organization and regulation of the genes
required for the biosynthesis of isoleucine, leucine, and valine
has grown dramatically. The ilvO locus was initially believed to
be a regulatory site between ilvA and iivC that affected the
expression of the ilvADE genes (7, 10). Subsequently, it became
apparent that the valine-resistant phenotype of ilvO is due to
the expression of the valine-resistant AHAS II, the product of
ilvG (4), and that the ilvO locus is located prior to ilvE (i.e.,
ilvOEDA; ref. 19). Recent work indicated that ilvO is located
between iivG and ilvE (i.e., ilvGOEDA; refs. 8 and 9). It is now
clear from the sequences presented in Figs. 2 and 3 that the site
of ilvO is actually within ilvG and that the ilvO mutation elim-
inates a site of polarity within the structural gene for AHAS II.
This change results in both the production of AHAS II and an
increase in the expression of the distal portions of the iivGEDA
operon. Consequently, the ilvO designation should no longer
be used because it is not a regulatory locus and because wild-
type E. coli K-12 is ivG- and valine-resistant derivatives that
"restore" AHAS II activity are ilvG+.

It seems most likely that the start of the iivG gene is the AUG
codon at bp 352-354 and not the AUG codon at bp 271-273 as
previously suggested (12). Our revised estimate is based upon
evidence from the complete DNA sequence of this gene (Fig.
2) and the size of the protein products of the plasmids contain-
ing either ivG- or iAvG' genes (Figs. 1 and 4). Examination
of the DNA sequence prior to the AUG codon at bp 271-273
indicates the absence of a region complementary to the 3' ter-
minus of 16S ribosomal RNA, which is believed to be necessary
for initiation of translation (20). Both the AUG codon at bp
352-354 and the AUG codon at bp 424-426 are preceded by
the sequence G-G-T-G at bp 340-343 and 415-418, respec-
tively. These sequences are a reasonable match for the 3' ter-

Proc. Nad Acad. Sci. USA 78 (1981)

.00"Naw

..=mow 40maw 44ow



Proc. Nad Acad. Sci. USA 78 (1981) 925

minus of 16S ribosomal RNA (20). The former of these twoAUG
codons has been chosen because of its relative proximity to the
attenuator and the sizes of the protein products of the plasmids.
Absolute assignment of the start of this gene must, of course,
await determination of the amino-terminal sequence of the
AHAS II protein.

Published results on the selection of valine-sensitive (ilvG-)
derivatives of ilvO strains (9) and the restriction endonuclease
mapping of the ilvO site (2) are not entirely consistent with the
results reported here. Two classes of ilvG mutations isolated
either by chemical mutagenesis or by insertion of bacteriophage
Mu have been reported (9). These ilvG- strains differ in the
level of expression of distal portions of the operon. In the chem-
ically mutagenized strains, this may reflect the difference be-
tween ilvG- missense mutations (ilvG-, with high expression
of ilvEDA) and the polarity of nonsense mutations (ilvG-, with
low expression of ilvEDA). Because insertion of bacteriophage
Mu is presumably polar (21), there should be no expression of
ilvEDA. However, in the distal portion of ilvG there is an RNA
polymerase binding site (bp 2063-2095; ref. 11) which may
serve as a promoter, allowing a low expression of ilvEDA. This
is similar to the low-level internal promoter proposed in Sal-
monella typhimurium (22). This second promoter may explain
why ilvG-::Mu strains could exhibit a low expression of the
ilvEDA genes but does not explain ilvG-::Mu strains with high
expression (9). Subrahmanyam et aL (23) have concluded from
restriction endonuclease mapping that the ilvO site is between
the Kpn I and Sal I restriction sites (Fig. 1). This conclusion is
based upon exchanging different portions of wild-type and ilvO-
containing plasmids for one another. A careful resequencing of
the DNA between the Kpn I and Sal I restriction sites of pAH4
(ilvG+, ilv02096) indicates that the DNA from this region is
identical to that of wild type (unpublished observations).

The existence of a site of polarity within the ilvG gene of
wild-type E. coli K-12 can explain the large increase in expres-
sion of the distal ilvEDA genes in ilvG+ strains or in strains
containing an altered rho factor (24-26). Comparison of the in-
tensity of the "ilvE product" band in lanes B and C of Fig. 4
demonstrates the increased expression of the ilvE gene when
it is distal to an ilvG+ gene. The polarity-relieving effect of al-
tered rho factor has been interpreted as indicating an attenuator
prior to these genes (24-27). Indeed, the ilvGEDA operon does
have an attenuator prior to ilvG, which has been characterized
by DNA sequence and in vitro transcription analyses (12, 13).
However, because the characteristic phenotype of rho muta-
tions is the suppression of polarity (28), it seems most likely that
the strong effect of an altered rho factor on the expression of
the ilvEDA genes in wild-type E. coli K-12 is due to polarity
suppression within the ilvG gene. An interesting aspect of these
results is that the mutation of ilvG- to ilvG+2096 is a two-base
pair insertion. The mechanism of this insertion event and the
genetic flexibility of this region are unknown.

Note Added in Proof. Henceforth, in compliance with the rules of ge-
netic nomenclature (29), the ilv promoter-leader-attenuator region (ilvL

in this publication) shall be designated ilvGp e a. The ilvG gene in wild-
type E. coli K12 shall be designated ilvG (IlvG-) and the mutations
previously designated ilvO (e.g., ilvO 2096) shall be designated
ilvG-2096(IlvG+).
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