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ABSTRACT

The ilvB locus of Escherichia coli K-12 encloses two open reading
frames defining polypeptides of 60,000 and 11,200 molecular weight. The
entire locus, about 2.3 kb, is co-transcribed as an operon. The molecular
weights and amino acid compositions of the presumptive operon polypeptides
agree with those of the large and small subunit polypeptides of acetohydroxy-
acid synthase (AHAS) I, for which ilvB is the structural locus. We reserve
the designation ilvB for the promoter proximal (longer) cistron and designate
the promoter distal cistron ilvN. The molecular weight and amino acid se-
quence of the ilvB polypeptide are strikingly similar to those of the Ilvl
(larger subunit of AHAS III) and IlvG (larger subunit of AHAS II) polypep-
tides. There is less size uniformity among the I1vN, IlvH (smaller sub-
unit of AHAS III), and IlvM (smaller subunit of AHAS II) polypeptides.
Nevertheless, there is significant amino acid sequence homology among the
three small subunit polypeptides. Thus, all three AHAS isozymes of E. coli
K-12 probably have a common evolutionary origin.

INTRODUCTION

Bacterial acetohydroxyacid synthases catalyze two homologous reactions.
One, the formation of acetolactate from two molecules of pyruvate, is part of
the biosynthetic pathway to leucine and valine. The other, the formation of
acetohydroxybutyrate from one molecule of pyruvate and one of 2-ketobutyrate,
is part of the pathway to isoleucine (1).

Of the enzymes necessary for the synthesis of the three branched chain

amino acids in K-12 strains of Escherichia coli and LT2 strains of Salmonella

typhimurium, only the acetohydroxyacid synthases are represented by multiple
genetic loci, each encoding a distinct isozyme (summarized in Ref. 2). 1In
both bacterial species the synthesis of each isozyme is subject to a distinct
regulatory pattern (2-4), suggesting that each isozyme has evolved to allow
optimal cell growth in a different set of physiologic conditions. As yet,
these conditions have not been entirely defined, nor is it evident what
catalytic or regulatory features of the respective isozymes have been se-

lected as adaptively important.
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Previously (5), we described the purification of AHAS I from E. coli
K-12. Enzyme purified to constant specific activity contained two polypep-
tide chains that were present in constant proportion to each other and to
enzyme activity. One of these had a molecular weight of about 60,000 and
presumably corresponded to an AHAS I subunit of that molecular weight
described by Grimminger and Umbarger (6). The second had a molecular weight
of about 10,000. Though neither biochemical (6) nor genetic (7) data had
suggested that AHAS I contains two kinds of subunit, we showed that the two
polypeptides were immunologically distinct and non-covalently associated with
each other in crude extracts. On the basis of these data we proposed that
both polypeptides are AHAS I subunits (5).

Here, we show that the ilvB locus of E. coli K-12, previously identified
as the structural locus for AHAS I (7,8), is an operon encoding both AHAS I
subunits. In addition, it appears that all three acetohydroxyacid synthases
of E. coli K-12, including the normally cryptic AHAS II (9), comprise a

family of enzymes with a common evolutionary origin.

MATERIALS AND METHODS

DNA sequencing
The ilvB+ plasmid pTCN12 (10) was purified by CsCl equilibrium sedi-

mentation. The position of the ilvB locus within the plasmid was already

known from analysis of its transcriptional regulatory sequences (1l1).
Restriction fragments were isolated as previously described (11). They were
labeled at the 3' termini by the fill-in reaction catalyzed by the Klenow
fragment of E. coli DNA polymerase I in the presence of appropriate [a—32P]-
deoxyribonucleotide triphosphates (11) or by terminal deoxynucleotidyl
transferase in the presence of [a-32P]dideoxy ATP (32; potassium cacodylate
buffer was substituted for the sodium salt). Labeling of 5' termini was
catalyzed by polynucleotide kinase in the presence of [y—32P]ATP (12). DNA
sequences were determined as described by Maxam and Gilbert (13), modified
for some fragments as previously described (11).

Separation and analysis of AHAS I subunits

Enzyme purified as previously described (5) was dialyzed for 20 hr
against 1 L of 20 mM triethylamine bicarbonate buffer, pH 8.3; the dialysis
buffer was changed once after five hr. The dialysis tubing (Spectra/Por 3
from American Scientific Products) had a molecular weight cut-off of 3500 to
avoid loss of the small AHAS I subunit. After dialysis the protein was
concentrated by lyophilization and dissolved in 1.5 ml of 20 mM triethylamine
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bicarbonate buffer containing 2% sodium dodecylsulfate and 5% 2-mercapto-
ethanol by incubation at 100°C for five min. The sample was then applied to
a column (2.2 cm x 78 cm) of Sephadex G200 equilibrated with 20 mM triethyl-
amine bicarbonate buffer. Column fractions (4.2 ml) containing protein were
examined by SDS/polyacrylamide gel electrophoresis to identify those contain-
ing sufficiently pure large or small AHAS I subunits. These were pooled as
appropriate, dried by lyophilization, and buffer salts were removed by
repeated lyophilization against water.

Samples for amino acid analysis contained about 5 ug of protein and
2 nmol of norleucine as a recovery standard. The samples were vacuum dried
several times from a 1% triethylamine suspension to remove ammonia. Hydroly-
sis was under reduced pressure in 6 N HC1/0.2% phenol at 115°C for 16 hr.

The amino acids were analyzed directly by ion exchange chromatography on a
Beckman 121M analyzer.

For peptide isolation, purified small subunit (250 pg; 22 nmol) was
digested for 24 hr at 37°C with TPCK-treated trypsin (1:25 [w/w] ratio) in
0.15 M NHAHCO3, pH 8/8 M urea. Peptides were separated by reverse phase HPLC
(Waters C-18 uBondapak resin) as described (14). Amino acid compositions of
selected fragments were determined as described above.

The NHz-terminal amino acid sequence of the large AHAS I subunit
(200 ug) was determined by automated gas-phase degradation on an Applied
Biosystems sequencer followed by derivatization of the amino acid liberated
at each step to its phenylthiohydantoin, which was identified by HPLC (15).
Nuclease S1 protection

Total cell RNA was isolated (34) from E. coli K-12 strain MF270l in mid-

logarithmic growth at 37°C in minimal glucose medium supplemented with iso-
leucine (100 pg/ml), valine (150 ug/ml), and limiting leucine (5 ug/ml).
The i1vB DNA for hybridization was prepared from a 1.8 kb Hind III-Eco RI
fragment of pTCN12 (10). The Hind III terminus of the fragment is located
within the coding sequence for the large AHAS I subunit (see ref. 10 and
RESULTS). The 3' termini of the DNA fragments were labeled with 32P by the
fill-in reaction catalyzed by the Klenow fragment of DNA polymerase I (1l1).
The radioactive DNA was then digested with Ddel, which liberates a 1 kb
fragment labeled at the Hind III terminus in the ilvB coding strand. The
fragment includes the 3' end of the cistron for the large AHAS I subunit,
the intercistronic region, the entire cistron for the small AHAS I subunit,
and the transcription terminator for the operon (10). That fragment was

purified by polyacrylamide gel electrophoresis (16) and used in nuclease Sl
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mapping experiments (17,18). Cell RNA (110 pg; see above) was hybridized to
the radioactive probe fragment. Nuclease S1 (120 units) treatment was for
20 min at 37°C. Digestions were terminated by addition of EDTA to a final
concentration of 4 mM. Nucleic acids were precipitated with ethanol,
dissolved in a solution composed of 80% (v/v) formamide/10 mM NaOH/1 mM
EDTA/0.0025% bromphenol blue, and separated by electrophoresis through a 5%
polyacrylamide/8 M urea gel. Radioactive species were detected by auto-
radiography.
Materials

Materials for DNA sequencing were obtained from sources previously
described (11). Terminal deoxynucleotidyl transferase was purchased from P-L
Biochemicals, and nuclease S1 from Bethesda Research Laboratories. [a—32P]—
dideoxy ATP (3000-5000 Ci/mmol) was obtained from Amersham/Searle. Materials
for AHAS I purification were as previously described (5). TPCK-treated
trypsin was purchased from Worthington Biochemicals. Urea (Ultra-pure grade)
was obtained from Schwarz/Mann. Materials for protein analyses were as
described (14,15).

RESULTS
The ilvB locus of E. coli K-12 is an operon encoding two polypeptide chains

DNA regulatory sequences at the ilvB locus contain the principal sites
for controlling AHAS I synthesis (11,19). Protein coding sequences at the
ilvB locus are summarized in Fig. 1, and the complete nucleotide sequence is
shown in Fig. 2, beginning with the ATG initiation codon of the large AHAS I
subunit (see below) and extending 2040 bp to a (G+C)-rich inverted repeat
followed by a sequence of T residues that constitutes a possible transcrip-
tion terminator of the ilvB locus (20; see below). Nucleotide 1 in Fig. 2
corresponds to nucleotide 240 in ref. 11, in which numbering begins at the
site of transcription initiation. Hence, a transcript including the entire
11vB locus would be about 2280 bases long.

The region shown in Fig. 2 encloses two extended open reading frames.
The first includes 562 codons from nucleotides 1 through 1686. This region
is preceded by a sequence corresponding to a ribosome binding site, as
previously described (11). The second includes 96 codons from nucleotides
1693 through 1980. This region is preceded by a pentaguanylate sequence
(nucleotides 1680-1684) that could function as a ribosome binding site (21).
The molecular weights of the two polypeptide chains derived from the two open
reading frames are 60,000 and 11,200, in good agreement with the molecular
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Fig. 1. Schematic structure of the E. coli K-12 ilvB locus (solid
line). The single-letter designations below the line indicate restriction
endonuclease cleavage sites, as indicated in the key at the bottom of the
Figure. The left-hand Hinf I site begins at nucleotide +152 with respect
to the site of transcription initiation (11). The ATG and TGA codons above
the line indicate the boundaries of two open reading frames (see Fig. 2).
The arrows above the line indicate the origin, direction, and extent of
determined sequences from the non-coding DNA strand; those below the line,
from the coding strand.

weights of the two AHAS I subunits determined by SDS/polyacrylamide gel
electrophoresis (5).

Since the two open reading frames are so close together, both are likely
to be cotranscribed as an operon. We established this by nuclease S1 mapping
to locate the 3' terminus of the in vivo transcript(s) originating from the
ilvB locus. Total cell RNA was isolated from a strain grown under conditions
of limiting leucine to derepress AHAS I synthesis (22). The RNA was hybrid-
ized to a 1 kb DNA fragment from the ilvB locus and labeled at the 3'
terminus of the coding strand. The labeled terminus originates from a
Hind III site about 400 bp from the end of the ilvB cistron (nucleotides
1199-1204; see Fig. 2), and ends about 200 bp past a presumptive tran-
scription terminator at the end of 1lvN (see Fig. 2). As shown in Fig. 3,
the predominant radioactive DNA species protected from nuclease S1 by DNA:RNA
hybridization is about 850 bases. This observation implies that ilvB and
ilvN ére cotranscribed, with transcription termination occurring at the
preéumptive terminator located 840 bp from the Hind III site in ilvB
(Fig. 2). 1If transcription terminated at a significant frequency within

the ilvB-ilvN intercistronic region, then a radioactive, Sl-resistant frag-
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1 60 120
ATGGCM(-'IT CGGGCACMCATCGACGCG!‘ AAGCGCTTT. ACCGGCGCAGAAHTATCG‘I‘NA‘I’IT(.‘ITGGMCAGCAGGGCA'ITAAGATTGTGACAGGCA‘ITCCGGGCGGIT CTATCCTG
M A S S GTTSTREKRTFTGAETFTIVEFLEQQGTII KTIUVTGTIZPGGSTIHL
121 180 240
C(.'I"G'l'lTACGATGCmMGCCAMGCACGCAMTCCGCCATA'IT(TGGCCC(:'I'CATGMCAGGGCGCGGGCI'IT ATCGCT CAGGGMTGGCGCGCACCGACGGT AMCCGGCG(:T CTGT
P VYDA ALSA QSTO QI RIBEBEILARIEEU GQGAGTFTIAQGMARTDSGEKTPAVC
241 . 300 360
ATGGCCTGT AGCGGACCGGGTGCGACI‘MCCI‘ GGTGACCGCCA'ITGCCGATGCGCGGC!‘OGACI‘CCATCCCGCK‘GA’I'INCATCACI‘GG’K‘ CAGGTT CCCGCCT CGATGA‘I‘CGGCACCGAC
M ACSGPGATNLVTATIADA ARLDSTIPLTICITG GO QY PASMIGTD
361 420 480
GCCTT CCAGGMG‘NGMCC(.’I‘ ACGGCAT(.‘I‘CI‘ ATCCCCATCACCAMCACAACI’AT(.‘I‘GGTCAGACATATCGMGMCI‘CCCGCAGGT CATGAGCGATGCC]T CCGCA’I'N;CGCAATCA
AFQEVDTYGTISTIPITTEKIEHENTYTLTVRIETIETETLTPAO GV M SDAFTZ RTIA® GS
481 540 600
GGCCGCCCAGGCCCGGTG(T GATAGACA‘I'N(.T MGGAT(H‘GCAMCGGCAmAGA’ﬂ‘GAMCACAGCCCGCI‘ ATGGCAGMMAGCCGCCGCCCCCGCC]TI‘ AGCGMGMAGC
GRPGPVVYIDTIPEKDVAQTAVFETIETA QP AMAETEKAAAPATFSETE:S
601 660 720
AﬂC(v’l‘GACGCAGCGGCGANA’ITMCGLTGCCAMCGCCCGGTG(_Tl'l‘ATCI' GGGCGGCGGTGTGATCMNCGCCCGCACGGGTGCGT GMCI‘GGCGGAGAMGCGCMCI‘GCCI‘ ACC
I RDAAANTINAAKREPVLYLGGGVYVINAPARYVTERETLA AETEKA AGOQLZPT
721 780 . 840
ACCATGACITI' MTGGCGCI‘GOGCATG’ITGCCMMGCGCATCCG’IT (ﬂ‘CG(.TGGG’!‘ ANCI‘GGGGANCACGBCG’IGCGCAGCACCMCI ATA’I'ITKGCAGGAGGCGGATIT(:TI‘ 'GATA
T M T LM ALGMLPTEKAHRPLSTLG ll L G M AEGVRSTNYTITLAG QEA ADTLTLTI
841 960
GTGCT CG(:'I‘GCGCGTITI‘GATGACCGGGCGA‘ITGGCMMCCGAGCAG’IT 'CTGT CCGAATGCCAAMTCA‘H‘CATGTCGACATCGACCGTGCACAGCI‘ GG(-'I’ AMATCAAGCAGCCGCAC
VLGARTFDDR RAIGEKTES QFTCPNAIKTITIHBEVYDTIDTZ RAQLSGEKTITEKS® QPH
961 1020 1080
GTGGCGAT[CAGGCGGATMTGATGACGPGLTGGCGCAMTGATCCCGCI‘GGFGGMGCGCMCCGCGNCAGA(-’I‘ GGCACCA(:TI‘O("I‘ AGCGGATI’I’GCAGCGI'GA(H’I’I’CCG‘I‘GT CCA
VAIQADVDDVLAQLTIPLTVEA AKAAQPRAETYYTEAQLVYADLTU GRTETFTPCTEP
1081 . 1140 1200
ATCCmMMCﬂGCGATCC(ﬂT AAGCCA‘ITACOGCCI‘GATCMCGCCGHGCCGCCI‘GI‘ GK‘CGATGACMTGCM'ITATCACCACCGACGITGGT CAGCATCAGATGNGAC CGCGCAA
I PX ACDUPLSUHYGLTINAYVAACVDDNAIITTDVGQ@HOQNTVYTADOQ
1201 . 1260 1320
GmATCCGmMNGCCCACGCCmOGCI‘GACCICCGﬂ‘GGG(_TGGGCACGATGG(-THTGGCCI‘GCCI’GCGGCGATI'GGCGmCGCl‘GGCGMCCCGGATCGCMAGI‘ GTTGTGT
A YPLNRPRAO QYLTSGGULGTMGTFGLPAAIGAALANPDTZ RTEKT VTLTEC
1321 . 1380 1440
TI‘CI‘CCGGNACGGCAGCCIVANATGAATA’I’TCAGGAGA’I‘GGCGACCGCCAGTGAMATCAGCI‘GGATGTCMMTCA‘ITCI'GATGMCMCGMGCGCI‘GGGGCI‘GGI‘ 'GCATCAGCAA
F S GD G S L M MNTITQEMATASENOQLDVETITITLDMNNNEIA AKLTGTLVEHEAOQDa Q
1441 . 1500 1560
CAGAGTCTGTTCT. AOGAGCAAGGC(:’I’I“TGCCGCCACCYATCCGGGCAAMNMUHT ATGCAGAmCCGCCGGA‘ITCGGCﬂ‘ CGAMC(,‘I‘GT GATITGMTMCGMGCCGATCCG
Q@ SLFYEQGVFAATYZPGEKTINTFMQ@IAAGTFG GLETT CDLNNEADTP
1561 . 1620 1680
CAGGCTT! CAmCABGMATCATCMTCGCCCI‘GGCCCGGCGCFGATCCATGFGCGCAmAl‘GCCGMGMAMG’ITI‘ ACCCGATGGI‘GCCGCCAGGI‘ GCGGCGAATACI‘GAM‘I’GGT G
Q A SLQETITINRPGPALTIUHBVYRTIDA AETET KV VYUPMVZPPGAANTEWMV

1681 . 1740 1800
GGGGMTMGCCAMAMACACAACI‘CA’NACMCGTM’ITCI‘ GGAGCI’CACCG'ITCGCMCCATCCGGGCGF Mrmccucmmcmcccccmmmnmccn

G E ¢ M @ NTTHDNVILETLTVRNIEPGV MTHVYVCGLTFARTRERATFNY
1801 . 1860 1920

GMGGCA'ITCI‘]TG’I‘mCCGA’lTCAGGACAGCGACMAAGCCATAT(.’I‘GG(.'I‘ALTGGI’CMNACGACCAGCGTCTGGAGCAGATGATMGCCMATCGATAAGCK‘GGMGATGTCGTG
EGILCLPTIOQDSDIEKSHTIV¥LLVYVNDDA GRTLTES QMTISOQIDTEKTLTET DTVYV
1921 1980 2040
AMG'NCAGCGI' 'AATCAGT! CCGATCCGACGATGTITMCMGATCGCGG]’G]TITIT CAGT. Mrcccrcuccmcucucnccccmncm AAGGT AACCGCGI' ATTTTTTTT

K VAQRNOGQSDZPTMTFNTEKTIAVFTFaQQ?®*
2041 2085
ACCCGCAGGACAAGACCATGATCACCG‘ITGCCCITATAGACGA

Fig. 2. DNA nucleotide sequence of the ilvB locus of E. coli K-12.
The sequence of the non-coding strand is shown. The sequence begins at the
promoter-proximal ATG initiation codon of the large AHAS I subunit (I1vB);
these are nucleotides 240-242 with respect to the site of transcription
initiation (11). The single-letter designations below the sequence indi-
cate the amino acids assigned to each codon of the ilvB and ilvN cistrons.
In-frame translation termination codons (see Fig. 1) are indicated by an
asterisk. The facing arrows between nucleotides 2008 and 2030 indicate a
(G+C)-rich inverted repeat, and the underlined nucleotides 2033-2040 indi-
cate an adjacent oligothymidylate sequence that constitutes the transcrip-
tion terminator for the ilvB ilvN operon (see Fig. 3). Wek, Hauser, and
Hatfield, in the accompanying communication, have obtained essentially the
same sequence.

ment of only 480 nucleotides would have been observed.

Additional evidence that synthesis of the IlvB and I1vN polypeptides is
coordinate, and that both are subunits of AHAS I (see below), is that both
polypeptides are overproduced by E. coli K-12 strain MF2361, which contains
the multicopy ilvB ilvN plasmid pICN12 (10) and is constitutive for AHAS 1
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Fig. 3. Nuclease Sl mapping of the 3' terminus of

in vivo mRNA from the ilvB locus. Total cell RNA

was isolated from strain MF2701 grown under
conditions of limiting leucine. The RNA was
hybridized to a Hind III-Dde I fragment labeled
with 32P at its Hind III 3" end. The Hind III
terminus of the fragment lies within the ilvB coding
sequence, 840 nucleotides from a presumptive
transcription terminator at the end of the ilvN
cistron (see Fig., 2 and the text for details). The
hybridization mixture was treated with nuclease Sl
and analyzed by electrophoresis on 5% polyacrylamide-
8 M urea gels. Lane a, 32P-labeled #X174 DNA cut
with Hinc II and used as DNA size markers. The
size of the markers, in number of nucleotides, is
indicated at the left of the bands. Lane b, 3'
end-labeled Hind III-Dde I probe; lane c, tRNA
control. E. coli tRNA used in place of total
cellular RNA in the Sl mapping procedure. Lane d,
110 pg of total cellular RNA from MF2701. Arrows:
(1), Hind III-Dde I probe; (2) nuclease Sl-resistant
DNA of approximately 850 nucleotides.

synthesis owing to a chromosomal mutation, possibly a valyl-tRNA synthetase

(10) .

Consequently, AHAS I comprises about 10% of the soluble protein from

MF2361 (10; L. Eoyang, unpublished observation). AHAS I purified from
MF2361 had the same polypeptide composition as previously reported for enzyme

from a strain with only about 3% of the initial specific activity (5;
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Fig. 4. Separation of the AHAS I
subunits by gel filtration chroma-
tography. See MATERIALS AND METHODS for
details. Lane 1, small AHAS I subunit;
-94 k Dal lane 2, molecular weight markers, as

indicated at the right margin; lane 3,

“w ‘67 large AHAS I subunit. This subunit

i preparation and another independently

pr— _43 isolated preparation were used to obtain
amino acid compositions (see Tables 1
and 2).

e— -30

— _:2()
l— -14.4

R -9.7
1 . 3

L. Eoyang, unpublished observation). The fact that 30-fold overproduction of
the enzyme includes both polypeptides is most easily explained if both are
enzyme subunits encoded in a single operon.
dlyB and ilvN encode AHAS I subunits

AHAS I was purified as previously described (5). The subunits were de-

natured by incubation in SDS at elevated temperature and separated by gel
filtration chromatography, as described in MATERIALS AND METHODS. The

separation was essentially complete, as shown in Fig. 4.

The amino acid compositions of the separated subunits are shown in
Table 1, along with those predicted from the ilvB and ilvN DNA sequences.
These comparisons, along with the agreements between the predicted and ob-
served molecular weights of the AHAS I subunits, indicate that the ilvB and
11lvN cistrons encode the large and small AHAS I subunits, respectively.

Amino-terminal sequence analysis of the large AHAS I subunit confirmed
the ilvB translation initiation site indicated in Fig. 2. The first 19 amino
acids, for which unambiguous assignments could be made, agreed with the
sequence shown in Fig. 2 except that the amino-terminal methionine was re-
moved in vivo, so that the amino-terminus of the subunit is alanine (data
not shown).

We were unable to obtain an amino-terminal sequence for the small AHAS I
subunit, perhaps owing to a blocking group. We therefore determined the
amino acid compositions of tryptic fragments of the protein isolated by

3986



Nucleic Acids Research

Table 1. Amino Acid Compositions of AHAS I Subunits from E. colf K-12
Amino acid | From proteina I From Dﬂﬁmmgﬂgfgmot:eina | From DNA
l1 1 ;ar e subunit) !Wl’llm‘l ;mall ranlnmin__
ASX 49,9 | 48.8 48 14.8 [15.3 15
THR 28.4 | 28.7 29 5.2 5.5 5
SER 21.6 | 21.6 23 4.8 4.9 4
GLX 65.0 | 67.7 64 13.8 |14.0 12
PRO 40.0 | 36.0 37 4.1 3.9 3
GLY 45.3 | 46.3 45 5.9 5.9 3
ALA 71.2 | 72.7 71 6.6 5.7 3
VAL 29.4 | 33.4 34 9.1 9.4 10
MET 17.0 | 20.6 21¢ 3.5 | 3.3 4
ILE 41.6 | 43.3 47 6.9 6.7 7
LEU 48.5 | 50.0 47 10.0 9.9 9
TYR 9.5 | 10.6 10 0.5 0.5 0
PHE 16.6 18.4 17 5.1 5.1 5
HIS 10.9 | 13.8 14 2.8 3.1 4
LYS 23.6 | 20.4 18 5.3 4.4 4
ARG 25.4 | 25.7 24 5.7 5.6 5
TRP m® | wmP 4 w | 1
CYs ND ND 9 ND ND 2

3Each set of values is the average of triplicate determinations. The
two sets of values for each subunit represent analyses from separate puri-
fications. Based on molecular weights of 60,000 and 11,200.

bND = not determined.

Includes NHp-terminal methionine. The NHp-terminal methionine of the
large subunit is removed in vivo and not present in the purified protein.
The NH2-terminal methionine of the small subunit is not removed in vivo.

reverse phése HPLC, and compared the results to compositions expected from
the DNA sequence of Fig. 2. The data for four peptides, encompassing half
the small subunit, are shown in Table 2. Each composition could be matched
perfectly with the composition of a tryptic peptide expected from the ilvN
sequence. Note that T31 corresponds to the amino-terminus of the small sub-
unit and T25 to the carboxyl-terminus. These data establish the identity of
the I1vB and I1vN polypeptides as the subunits of AHAS I.
E.coli acetohydroxyacid synthases comprise a family of related isozymes
Complete DNA sequence data are now available for all three acetohydroxy-
acid synthase isozymes of E. coli K-12. Recently, Squires et al. (23),
noting substantial amino acid sequence homology between IlvI (large subunit
of AHAS III) and IlvG (large subunit of AHAS II (24)) suggested a common
evolutionary origin for both polypeptides. Fig. 5 extends their analysis to
include the I1lvB polypeptide. Owing to the slightly different sizes of the
polypeptides and to short gaps introduced to align obviously homologous
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Table 2. Amino Acid Compositions of Tryptic Peptides from the Small AHAS I Subunit

Amino T31: Metl-Arglé T34: Leub2-Lys77 T17: Asn81-Lys90 T25: I11e91-G1n96
acid [ nmol |[mol/mol peptide [nmol [mol/mol peptide |nmol | mol/mol peptide | nmol [ mol/mol peptide
Obs. |Expected Obs. [Expected Obs. |Expected Obs. [Expected
ASX | 33.4 | 3.1 3 12.9 | 2.3 2 7.0 3.1 3 - - -
THR | 26.7 | 2.4 3 - - - 13.9 0.9 1 - - -
SER - - - 4.4 0.8 1 12.2 0.8 1 - - -
GLX |21.3 | 2.0 2 23.6 | 4.3 4 16.1 1.1 1 12.6 1.0 1
PRO - - - - - - 18.8 1.2 1 - - -
ALA - - - - - - - - - 12.2 1.0 1
VAL |19.9 | 1.8 2 9.6 | 1.7 2 - - - 11.4 | 0.9 1
MET 8.1 | 0.7 1 4.3| 0.8 1 12.7 0.8 1 - - -
ILE 9.1 | 0.8 1 10.9} 2.0 2 - - - 11.8 0.9 1
LEU | 20.7 | 1.9 2 11.4| 2.0 2 - - - - - -
PHE - - - - - - 15.2 1.0 1 22.7 1.8 2
HIS 10.8 1.0 1 - - - - - - - - -
LYS - - - 11.0| 2.0 2 9.1 0.6 1 - - -
ARG 10.9 1.0 1 - - - - - - - - -

regions, there are 540 positions where we could compare all three polypep-
tides. Of these, the same amino acid is found in all three polypeptides in
159 positions (29% of the total; boxed positions in Fig. 5). In another 122
positions, 23% of the total, the same amino acid is found in the IlvB poly-
peptide and one of the other two (underlined positions). The overall degree
of homology is not equally distributed over the entire lengths of the three
polypeptides; there are extended regions with >50% sequence identity among
all three, and other regions show much less homology. But the degree of
overall homology indicates that the ilvB, 1lvG, and ilvI loci of E. coli
K-12 encode a family of closely-related polypeptides.

There 1s less overall homology among the polypeptides encoded by the
11vN, ilvM (region K of Squires et al. (23)), and ilvH loci. These loci en-
code the small subunits of AHAS I (this study), AHAS II (23,24) and AHAS III
(23,25), respectively. However, there is a region near the COOH-terminus of
the I1vN and I1lvM polypeptides and near the middle of the IlvH polypeptide
that does appear to be significantly homologous among all three (Fig. 6).
While the region is not itself extensive, it does represent more than 20% of

the I1vN and IlvM polypeptides.

DISCUSSION
Our data provide important confirmatory evidence for the subunit
composition of AHAS I, which we previously inferred from biochemical data

alone (5). Whereas previous information (6,7) left no reason to believe that
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Amino acid sequence comparison of the IlvB, IlvI and I1lvG

Fig. 5.
polypeptides.

The IlvI sequence and IlvG sequence were taken from references

The NHz-terminus of the IlvG polypeptide is based

23 and 9, respectively.

Boxed regions indicate posi-

on a comparison with the NHy-terminal sequence determined for the cognate

polypeptide from Salmonella typhimurium (24).
tions where all three polypeptides have the same amino acid; underlined

For a detailed compari-

see reference 23.

regions indicate positions where the IlvB polypeptide and either the IlvI

or the IlvG polypeptide have the same amino acid.
son of the Ilvl and IlvG polypeptides,

AHAS I was composed of more than one kind of subunit, both the enzyme and its

Nucleotide sequence analysis, nuclease Sl

genetic locus are more complex.

mapping, and analysis of the AHAS I subunit polypeptides showed that the ilvB
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IlWN: Qmi SQidKLeDVvkVqgrnQS$s
I'VH. QiekQLhKLVDV1IrVselgaq
ITvM: 11 fSQLnKLVDVahVaicQS$

Fig. 6. Amino acid sequence comparison of the I1vN, IlvH and IlvM
polypeptides. The IlvH and IlvM (region K) sequences are from reference
23. The I1vN sequence is from Fig. 2. The region indicated includes
amino acids 64-93 (from the NH,-terminus) of IlvN, 58-77 of IlvM, and
59-78 of IlvH. Upper-case symbols indicate amino acid identity between
at least two of the three polypeptides.

locus of E. coli K-12 is an operon composed of two cistrons, each encoding an
AHAS I subunit. We reserve the designation ilvB for the promoter-proximal
cistron, and designate the promoter-distal cistron ilvN.

The subunit composition of E. coli K-12 AHAS I is analogous to that of
AHAS III, insofar as both enzymes consist of large and small subunits (17,
20) . Moreover, accumulating evidence supports an analogous structure for
AHAS II. Squires et al. (23) noted that the region (region K) between ilvG,
the structural locus for an AHAS II polypeptide in IlvG+ strains of E. coli
K-12 (9), and ilvE includes an open reading frame of 86 codons. Kutney and

Schloss (24) reported that purified AHAS II from Salmonella typhimurium

could be resolved into two polypeptides. The amino-terminal sequence of the
smaller of the two Salmonella AHAS II polypeptides (Mr=10,000; (24)) 1is
strikingly homologous to that predicted from the E. coli K-12 region K open
reading frame noted by Squires et al. (23). It thus appears that the aceto-
hydroxyacid synthases of E. coli K-12 and probably of Salmonella comprise a
family of related enzymes, each composed of a large subunit with a molecular
weight very close to 60,000 (Fig. 5) and a smaller subunit.
This general structure is not limited to acetohydroxyacid synthases from

enteric bacteria. An AHAS from Pseudomonas aeruginosa, although different in

significant respects from any of the E. coli K-12 isozymes, is similarly
composed of two kinds of subunit; one with a molecular weight of 60,000, and
the other, of 15,000 (21). For the Pseudomonas enzyme, as for the enteric
bacterial enzymes, the roles of the different subunits in enzyme function are
not entirely clear. At least for E. coli K-12 AHAS III, the catalytic
activities of the enzyme reside in the larger subunit (25) and, in view of
the extensive homologies among the large subunits of the different enteric
bacterial isozymes, the same is likely true of AHAS I and II.

LaRossa and Smulski (29) have proposed a unique evolutionary origin for

enteric bacterial AHAS I on the basis of the resistance of that enzyme and
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the sensitivity of AHAS II and AHAS III to inhibition by sulfometuron methyl.
The data presented here provide no support for that hypothesis, especially as
it relates to the large subunits of the enteric bacterial acetohydroxyacid
synthases. The large subunit of AHAS I shows as much homology to those of
AHAS 1I and AHAS III as the last two do to each other.

The small subunits of the E. coli K-12 isozymes show less homology and
uniformity in molecular weight than the large subunits. Nevertheless, in
view of the regions of homology that do exist among the respective small sub-
units, it i1s likely that they too evolved from a common ancestor, but have
diverged, along with selected regions of the large subunits, to provide the
isozymes with different regulatory properties. The pairing of genes for one
small and one large AHAS subunit in genetically co-regulated units is
consistent with this view of the origin of the different isozymes. In addi-
tion, this arrangement provides more precise control over subunit stoich-
iometries and greater physiological flexibility than a system consisting of a
single kind of large subunit, encoded by a single structural gene, whose
activity is modulated by three different small subunits.

This general idea readily accommodates the fact that different physio-
logical conditions favor the synthesis of different isozymes. Thus, AHAS I
synthesis in E. coli K-12 (3) and in S. typhimurium LT2 (4) is regulated by
cyclic AMP and cyclic AMP receptor protein. Insofar as that mechanism
operates in enteric bacteria to ensure an adequate cellular carbon flow in
the presence of secondary carbon/energy sources (27), AHAS I may play a
specific role in directing carbon flow towards the synthesis of the branched
chain amino acids. Hauser and Hatfield (28) discussed the regulation of
AHAS 1 synthesis along broadly similar lines.

The cellular activity of AHAS I, but not of AHAS III, is prevented by
mutation in two genes, cpxA and cpxB, that are unlinked to the 41vB ilvN
operon or to any other ilv locus (30). We have presented evidence elsewhere
that the cpx mutations alter the cellular level of a factor, perhaps a cell
envelope component, that limits AHAS I activity in vivo (31). The effect of
the cpx mutations on the function of AHAS I, but not that of AHAS III,
suggests that at least those two isozymes are not entirely interchangeable
in the cell. Whether the distinctive physiological properties of the
different isozymes reflect structural differences among their large subunits,
their small subunits, or, as seems most likely, both, remains to be

determined.
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