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ABSTRACT
The nucleotide sequence of the yeast ILV5 gene, which codes for the

branched-chain amlno acid biosynthesis enzyme acetohydroxyacid reductoiso-
merase, has been determined. The ILV5 coding region is 1,185 nucleotides,
corresponding to a polypeptide with a molecular weight of 44,280. Transcrip-
tion of the ILV5 mRNA initiates at position -81 upstream from the ATG trans-
lation start codon and terminates between 218 and 222 bases downstream from
the stop codon. Consensus sequences have been identified for initiation and
termination of transcription, and for general control of amlno acid biosyn-
thesis, as well as repression by leuclne. The ILV5 gene is regulated slightly
by general amlno acid control. Codon usage of the ILV5 gene has the strong
bias observed In yeast genes that are highly expressed. In agreement with
this, the reductoisomerase monomer, with an apparent molecular weight of
40,000, has been identified In an SDS polyacrylamlde gel pattern of total
soluble yeast proteins as a gene dosage dependent band.

INTRODUCTION

Acetohydroxyacid reductoisomerase (EC.l.1.1.86) catalyses the second

common step In the parallel biosynthesis of isoleucine and valine. In the

presence of NADPH and magnesium ions it converts oraceto-oc-hydroxybutyrate to

a, p-dihydroxyacid-p-methylvalerate and oc-acetolactate to o, fHilhydroxylso-

valerate. It has been purified to homogeneity from Salmonella typhimurlum

(1,2) and Identified in several other organisms, including yeast (3,4,5,6,7).

In Salmonella, the enzyme has a molecular weight of 220,000 and consists of

four identical subunits (2,8). The synthesis of reductoisomerase in bacteria

is induced by either substrate, and differs in this respect from the other

isoleuclne-valine enzymes which are multivalently repressed by Isoleucine,

valine and leucine (9,10). The structural gene for the reductoisomerase of

Escherlchla coll (llvC) has been cloned (11). In Saccharomyces cerevislae,

the reductoisomerase is coded for by a single gene located on chromosome

XII (12,13). The gene, designated ILV5, has recently been cloned (14). The

level of reductoisomerase in the cell is regulated, since the simultaneous

presence of all three branched-chaln amlno acids in the growth medium
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appears to cause repression of the synthesis of the enzyme (15,16, 17).

Reductoisomerase is located in the mitochondria together with other iso-

leucine-valine biosynthesis enzymes (18).

In order to gain further insight into the expression of the ILV5 gene

and the structure of its regulatory elements, we have sequenced the gene and

located the points of transcription initiation and termination. In addition,

we show that the gene is highly expressed In wild-type yeast cells and is

probably regulated through the general amlno acid control system (19,20).

MATERIALS AND METHODS

Chemicals and enzymes

All chemicals were analytical grade. 5-fluoroorotic acid was supplied

by SCM Specialty Chemicals, Gainesville, Florida. Enzymes were purchased

from Boehringer (Mannheim, Germany), Bethesda Research Laboratories (Bethes-

da, Maryland, USA) and New England Biolabs (Beverly, Massachusetts, USA).

The 15-raer 'universal sequencing primer' and the 16-mer 'hybridization

priner' were from Boehringer. An 18-mer deoxyollgonucleotide used in primer

extension was synthesized on an Applied Biosystems 380A DNA Syntheziser. Ê .

coll tRNA (type XX) was from Sigma (St. Louis, Missouri, USA). Radionucleo-

tides were from New England Nuclear (Massachusetts, USA).

DNA sequencing

Standard procedures using the single-stranded bacteriophage M13 vector

mpl9 and dldeoxynucleotlde sequencing were employed (21,22,23). Programs

for nucleotide sequence data handling were kindly supplied by Dr. R. Staden,

MRC, Cambridge, England.

Preparation of plasmlds, DNA fragments and yeast RNA preparation

Methods for the preparation of plasmlds and total yeast RNA have been de-

scribed (24). Restriction fragments for use in M13 cloning and nuclease SI

mapping were isolated by agarose gel electrophoresis and electroelution

onto a dialysis membrane (25), followed by purification in Elutip-d columns

(Schleicher and Schiiell).

Plasmlds, strains, genetic constructions and media

Plasmld pE17-ll/Bl (14) was kindly provided by J. Polaina. It consists

of YRpl7 (PBR322-TRP1 ARS1-URA3) (26) with the yeast ILV5 gene on a 3.4 Icb

fragment produced by partial digestion of yeast DNA with Mbol. The fragment

is Inserted in the BatnHI site (Figure 1A). Plasmld constructions followed

standard procedures (27).

The S. cerevlslae strains were X2180-1A (MATa SUC2 mal mel ga!2 CUP1),
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C82-1613 (MATa Ilv5-1 ura3 trpl hom7) (14) and M1-2B (MATg ura3-52 trpl)

(28). For increased expression of acetohydroxyacld reductoisomerase In yeast,

strain M1-2B was transformed with plasrald pEIv5, yielding strain C86-P506.

The plasmid consists of YEp24 (pBR322-2n-URA3) (26) with the 3.4 kb yeast

DNA fragment containing the ILV5 gene in the BamHI site. A yeast strain with

an ilv5 deletion was constructed as follows: The 3.4 kb yeast Insert with

ILV5 was transferred from pE17-ll/Bl to the Integration vector YIp5 (pBR322-

URA3) (26) and 1.4 kb of the insert, mainly ILV5 coding region, was removed

by cleavage with Kpnl, followed by religatlon. The resulting plasmld with

the ilv5 deletion was Integrated into yeast strain M1-2B, whereupon loop-out

and loss of the ILV5 gene together with the vector was selected for (29).

One of the resulting isolates, C86-2485 (MATa ura3-52 trpl ilv5-Al), was

used in this study. Ê . coll strains employed were HB101 (27) and JM101 (30).

Minimal ammonium medium (SD) for yeast was composed of 6.7 g Difco

Bacto Yeast Nitrogen Base without Amlno Acids and 20 g glucose, buffered

with 10 g succinlc acid and sodium hydroxide to pH 5.8, for 1 liter medium.

Minimal medium with proline as nitrogen source (SDPro) was prepared in the

same way, but using Yeast Nitrogen Base without Ammonium and Amlno Acids

and 2 g proline per liter medium. This medium was adjusted to pH 4.5.

Nutrient supplements were added at the concentrations described earlier (13).

Northern analysis

Twenty pg total yeast RNA, isolated from strain X2180-1A after growth

In SD medium, was separated by electrophoresis in a 1.41 agarose gel contai-

ning formaldehyde (27), followed by transfer to nitrocellulose filter (Milli-

pore HAWP 00010). Approximately 1 ug of single-stranded DNA of M13 with a

yeast DNA insert was the template for labeling with (tt-32P)-dATP using DNA

polymerase I large fragment and either the 16-raer hybridization primer or the

15-mer sequencing primer. In the latter case the probe was denatured. Hybrid-

ization to the immobilized RNA was-carried out in 501 formamide at 42°C ac-

cording to Alwine et al. (31)..

Primer extension

To map the 5' end of ILV5 mRNA by primer extension (32), 160 pmoles of

a synthetic deoxynucleotide d(5'GGCTTGAGTTCTCAACAT3') (the first 6 codons

of the sense strand of the ILV5 coding region) were labeled at the 5' end

with 150 \£1 (r-32P)-ATP (27) and purified by electrophoresis in a 16* poly-

acrylanide/urea sequencing gel to yield a total of 1.9-107 dpm of labeled

oligonucleotide. Three aliquots of total yeast RNA and one aliquot of JJ. coll

tRNA (40 pg each) were each mixed with 4'106 dpm labeled primer in 70 ul of
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70 mM Tris-HCl, pH 8.3, 70 mM KC1, 14 mM MgCl2 and heated at 70°C for 20 mln.

The samples were brought to a volume of 100 ul by the addition of DTT to a

final concentration of 10 mM and to 50 pM for each of the four deoxynucleotlde

triphosphates. After 5 min preincubation at 23, 43 or 50°C for yeast RNA and

43°C for the control, the samples were further incubated at the same tempera-

tures for 30 mln with 100 U avian myeloblastosls virus reverse transcriptase

(Boehringer). After ethanol precipitation, the dried samples were incubated

with 5 ill 0.1 M NaOH, 5 mM EDTA at 30°C for 4 hours and analysed on a 81 se-

quencing gel followed by autoradiography. To determine the size of elongation

products and to test the quality of the labeled primer, dideoxy sequencing

reactions with the omission of (cr-32P)-dATP (personal communication by Henrik

Dalb#ge Andersen, Nordisk Gentofte, Denmark) were carried out after annealing

4-105 dpra primer to 1 vig of single-stranded M13mpl9-Sc4 DNA (containing the

mRNA-ldentical strand of most of the ILV5 gene and its promoter region, see

Figure 1C).

Nuclease SI protection mapping

Nuclease SI mapping of mRNA ends was carried out with total yeast RNA

and double-stranded probes according to Berk and Sharp (33) with the modi-

fications described earlier (24). Mapping of the transcription start point

employed a 399 bp Ddel restriction fragment (Figure IB): Approximately 1

pmole was dephosphorylated with 0.5 U calf intestinal alkaline phosphatase

(Boehringer) (27) and the 5' protruding ends labeled with ( r32P)-ATP and

T4 DNA polynucleotide kinase. Mapping of transcription termination employed

approximately 1 pmole of a 434 bp EcoRI-Ddel restriction fragment (Figure

IB): The mRNA complementary strand was 3' end-labeled at the EcoRI site with

50 yCi (or32P)-dATP and Klenow DNA polymerase I (27). The other strand was

labeled at the Ddel site using 50 uCi (oc-32P)-dGTP and 0.1 mM each of non-

radioactive dATP and dTTP.

Determination of reductoisomerase activity and cc-acetohydroxyacld levels

Strain X2180-1A was grown exponentially at 30°C in 200 ml minimal me-

dium for at least 16 hours. To starve for tryptophan, different amounts of

5-methyltryptophan (Sigma) were added (from a 10 mM stock solution in water)

at a cell density of 106 per ml. The cells were harvested at 107 cells per ml,

washed once with 0.5 mg/ml cycloheximide and permeabillzed by Triton X-100

(34,35). Reductoisomerase activity was measured Bpectrophotometrlcally with

ot-acetolactate as the substrate (16). Ethyl-or-aceto-cr-acetoxyproplonate was

kindly provided by E.L. Kline, Edlnboro State College, Pennsylvania. Total

protein was measured with the Bio-Rad Protein Assay (Bio-Rad Laboratories,
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Richmond, California) after boiling of the cell samples for 5 mln in 0.5 M

NaOH. Bovine serum albumin (Sigma) was used as standard.

SDS polyacrylamide gel electrophoresls of yeast proteins

An extract of total soluble proteins from yeaat was prepared by resus-

pending a cell pellet in 3-4 volumes of cold 10 mM Trls-HCl pH 8.0, 1 mM EDTA.

The cells were broken with 0.45 mm* glass beads for 90 seconds at 2-4°C in a

Braun Melsungen MSK2 Homogenizer. Insoluble material was removed by centri-

fugation for 10 min in an Eppendorf centrifuge. SDS polyacrylamide gel elec-

trophoresls was carried out according to Laemmli (36) and proteins were

stained with Coomassle Brilliant Blue R-250. Protein molecular weight stan-

dards (high range) were from Gibco BRL (Eppenstein, West Germany).

RESULTS

Nucleotlde sequence of the ILV5 gene

The molecular cloning of the ILV5 gene on a 3.4 kb DNA fragment from a

partial Mbol restriction digest of yeast DNA into the BamHI site of the vec-

1 0 0 b P B.V5 mHNA

B K P H HKKE E(B) S
A =1 ' ^ i '

B

C
mp19-8c«30

mp19-8cfl

Figure 1. Restriction endonuclease map and sequence strategy of the ILV5 gene.
A. Restriction endonuclease sites in the 3.4 kb yeast DNA fragment containing
the ILV5 gene. The fragment was cloned from a partial Mbol digest of yeast DNA
into the BamHI site of the vector YRpl7 (14). B-BamHI, K-Kpnl, P-PvuII, H-
Hindlll, E-EcoRI, S-Sall. The ILV5 coding region is indicated by a solid line.
B. Position of probes used in SI nuclease mapping, D» Ddel. C. Five restric-
tion fragments were subcloned into M13-mpl9 (Sc3 through Sc9) for sequencing
by the dldeoxy chain termination method. Also shown is the H13 clone mpl9-Sc430
used for Northern analysis. D. Series of deletions were made in the replicative
forms of the M13 clones mpl9-Sc4 and mpl9-Sc9 for further sequencing Arrows
Indicate Individual sequence readings.
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BanHI/MboI
-1191 G GATCCTGTTA AAACCTCTAG TGGAGTASTA GATGTAATCA ATGAAGCGGA AGCCAAAAGA CCAGAGTAGA

-1120 GGCCTATAGA AGAAACTGCG ATACCTTTTG TGATGGCTAA ACAAACAGAC ATCTTTTTAT ATGTTTTTAC TTCTGTATAT
Ddel

-1040 CGTGAAGTAG TAAGTGATAA GCGAATTTGG CTAAGMCGT TGTAAGTGAA CAAGGGACCT CTTTTGCCTT TCAAAAAAGG

-960 ATTAAATG6A GTTAATCATT GAGATTTAGT TTTCGTTAGA TTCTGTATCC CTAAATAACT CCCTTACCCG ACGGGAAGGC
Hpal

-880 ACAAAAGACT TGAATAATAG CAAACGGCCA GTAGCCAAGA CCAAATAATA CTAGAGTTAA CTGATGGTCT TAAACAGGCA

-800 nACGTGGTG AACTCCAAGA CCAATATACA AAATATCGAT AAGTTATTCT TGCCCACCAA TTTAAGGAGC CTACATCAGG
Ddel Ace I Odel

-720 ACAGTAGTAC CATTCCTCAG AGAAGAGGTA TACATAACAA GAAAATCGCG TGAACACCTT ATATAACTTA GCCCGTTATT

-6*0 GAGCTAAAAA ACCTTGCAAA ATTTCCTATG AATAAGAATA CTTCAGACGT GATAAAAAn TACTTTCTAA CTCTTCTCAC

-560 GCTGCCCCTA TCTGTTCTTC CGCTCTACCG TGAGAAATAA AGCATC6AGT ACGGCAGTTC GCTGTCACTG AACTAAAACA
Ddel

-480 ATAAGGCTAG TTCGAATGAT GAACTTGCTT GCTGTCAAAC TTCT6AGTTG CCGCTGATGT GACACTGTGA CAATAAATTC
Kpnl Ddel ,wvw~

-400 AAACCGGTTA TA6CGGTCTC CTCCGGTACC GGTTCTGCCA CCTCCAATAG AGCTCAGTAG GAGTCAGAAC CTCTGCGGTG

-320 GCTGTCAGTG ACTCATCCGC GTTTCGTAAG TTGTGCGCGT GCACATTTCG CCCGTTCCCG CTCATCTTGC AGCAGGCG6A

-240 AATTTTCATC ACGCTGTAGG ACGCAAAAAA AAAATAATTA ATCGTACAAG AATCTTGGAA AAAAAATTGA AAAATTTTGT

-160 ATAAAAGGSA TGACCTAACT TGACTCAATG GCTTTTACAC CCAGTATTTT CCCTTTCCTT GTTTGTTACA A H A T A G A A I

-80 CAA6ACAAAA ACATATAGAC AACCTAnCC TAGGAGTTAT ATTTTTTTAC CCTACCAGCA ATATAAGTAA AAAATAAAAC
tool Ddel

+1 ATG TTG AGA ACT CAA GCC GCC A6A TTG ATC T6C AAC TCC CGT GTC ATC ACT GCT AAG AGA ACC
Met Leu Arg Thr Gin Ala Ala Arg Leu l i e Cys Asn Ser Arg Val H e Thr Ala Lys Arg Thr 21

PvuII tool
+64 TTT GCT TTG GCC ACC CGT GCT 6CT GCT TAC AGC AGA CCA GCT GCC CGT TTC GTT AAG CCA ATG

Phe Ala Leu Ala Thr Arg Ala Ala Ala Tyr Ser Arg Pro Ala Ala Arg Phe Val Lys Pro Het 42
AccI

+127 ATC ACT ACC CGT GGT TTG AAG CAA ATC AAC TTC GGT GGT ACT GTT GAA ACC GTC TAC GAA AGA
H e Thr Thr Arg Gly Leu Lys Gin H e Asn Phe Gly Gly Thr Val Glu Thr Val Tyr Glu Arg 63

tool
+190 GCT GAC TGG CCA AGA GAA AAG TTG TTG GAC TAC TTC AAG AAC GAC ACT TTT GCT TTG ATC GGT

Ale Asp Trp Pro Arg Glu Lys Leu Leu Asp Tyr Phe Lys Asn Asp Thr Phe Ala Leu l i e Gly 84

+253 TAC GGT TCC CAA GGT TAC GGT CAA GGT TTG AAC TTG AGA GAC AAC GGT TTG AAC GTT ATC ATT
Tyr Gly Ser Gin Gly Tyr Gly Gin Gly Leu Asn Leu Arg Asp Asn Gly Leu Asn Val H e l i e 105

+316 GGT GTC CGT AAA GAT GGT GCT TCT TGG AAG GCT GCC ATC GAA GAC GGT TGG GTT CCA GGC AAG
Gly Val Arg Lys Asp Gly Ala Ser Trp Lys Ala Ala H e Glu Asp Gly Trp Val Pro Gly Lys 126

+379 AAC TTG TTC ACT GTT GAA GAT GCT ATC AAG AGA G6T AGT TAC GTT ATG AAC TTG TTG TCC GAT
Asn Leu Phe Thr Val Glu Asp Ala l i e Lys Arg Gly Ser Tyr Val Met Asn Leu Leu Ser Asp 147

+442 GCC 6CT CAA TCA GAA.ACC TGG CCT GCT ATC AAG CCA TTG TTG ACC AAG GGT AAG ACT TTG TAC
Ala Ala Gin Ser G l i /Thr Trp Pro Ala l i e Lys Pro Leu Leu Thr Lys Gly Lys Thr Leu Tyr 168

Ddel
+505 TTC TCC CAC GGT TTC TCC CCA GTC TTC AAG GAC TTG ACT CAC GTT GAA CCA CCA AAG GAC H A

Phe Ser Hi t Gly Phe Ser Pro Val Phe Lys Asp Leu Thr His Val Glu Pro Pro Lys Asp Leu 189
tool

+568 GAT GTT ATC TTG GTT GCT CCA AAG GGT TCC GGT AGA ACT GTC AGA TCT TTG TTC AAG GAA GGT
Asp Val l i e Leu Val Ala Pro Lys Gly Ser Gly Arg Thr Val Arg Ser Leu Phe Lys Glu Gly 210

+631 CGT 6GT A n AAC TCT TCT TAC GCC GTC TGG AAC GAT GTC ACC GGT AAG GCT CAC GAA AAG GCC
Arg Gly l i e Asn Ser Ser Tyr Ala Val Trp Asn Asp Val Thr Gly Lys Ala His Glu Lys Ala 231

Hindi 11
+694 CAA GCT TTG GCC GTT GCC A n GGT TCC GGT TAC GTT TAC CAA ACC ACT TTC GAA AGA GAA GTC

Gin Ala Leu Ala Val Ala H e Gly Ser Gly Tyr Val Tyr Gin Thr Thr Phe Glu Arg Glu Val 252

+757 AAC TCT GAC TTG TAC GGT GAA AGA GGT TGT TTA ATG GGT GGT ATC CAC GGT ATG TTC TTG 6CT
Asn Ser Asp Leu Tyr Gly Glu Arg Gly Cys Leu Met Gly Gly H e His Gly Het Phe Leu Ala 273
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H i n d l H
+620 CAA TAC GAC GTC n G ASA -GAA AAC GGT CAC TCC CCA TCT SAA GCT TTC AAC GAA ACC STC GAA

Gin Tyr Asp Val Leu Arg Glu Asn Gly His Ser Pro Ser Glu Ala Phe Asn Glu Thr Val Glu 294
Hbol

+883 GAA GCT ACC CAA TCT CTA TAC CCA TTG ATC GGT AAG TAC GGT ATG GAT TAC ATG TAC GAT GCT
Glu Ala Thr Gin Ser Leu Tyr Pro Leu H e Gly Lys Tyr Gly Met Asp Tyr Net Tyr Asp Ala 315

Kpnl
+ 9 « TGT TCC ACC ACC GCC AGA AGA GGT GCT TTG GAC TGG TAC CCA ATC TTC AAG AAT GCT TTG AAG

Cys Ser Thr Thr Ala Arg Arg Gly Ala Leu Asp Trp Tyr Pro H e Phe Lys Asn Ala Leu Lys 336
Kpnl K>ol Ecofil

+1009 CCT GTT TTC CAA GAC TTG TAC GAA TCT ACC AAG AAC GGT ACC GAA ACC AAG AGA TCT TTG GAA
Pro Val Phe Gin Asp Leu Tyr Glu Ser Thr Lys Asn Gly Thr Glu Thr Lys Arg Ser Leu Glu 357

+1072 TTC AAC TCT CAA CCT GAC TAC AGA GAA AAG CTA GAA AAG GAA TTA GAC ACC ATC AGA AAC ATG
Phe Asn Ser Gin Pro Asp Tyr Arg Glu Lys Leu Glu Lys Glu Leu Asp Thr H e Arg Asn Met 378

+1186
+1135 GAA ATC TGG AAG GTT GGT AAG GAA GTC AGA AAG TTG AGA CCA GAA AAC CAA TAAAGAGGAA

Glu H e Trp Lys Val Gly Lys Glu Val Arj Lys Leu Arg Pro Glu Asn Gin Stp 395

+1196 AATAATATCA AGTGCTGGAA ACTTTTTCTC TTGGAATTTT TGCAACATCA AGTCATAGTC AATTGAATTG ACCCAATTTC
Stp

+1276 ACATTTAAGA 1111111111 TTCATCCGAC ATACATCTGT ACACTAGGAA GCCCTGTTTT TCTGAAGCAG CTTCAAATAT

+1356 A I A I A I J 1 1 1 rACATATTTA TTATGATTCA ATGAACAATC T A A T T A A A T 7 GAAAACAAGA ACCGAAACGC GAATAAATAA
Ddel

+1436 TTTATTTAGA TGGTGACAAG TGTATAAGTC CTCATCGGGA CAGCTACGAT TTCTCTTTCG GTTTTGGCTG AGCTACTGGT

+1516 TGCTGTGACG CAGCGGCATT AGCGCGGCGT TATGAGCTAC CCTCGTG6CC TGAAAGATGG CGGGAATAAA GCGGAACTAA
Ddel

+1596 AAATTACT6A CTGASCCATA TTGAGGTCAA TTTGTCAACT CGTCAAGTCA CGTTTSGTGG ACGGCCCCn TCCAACGAAT

+1676 CGTATATACT AACATGCGCG CGCTTCCATA TATACACATA TACATATATA TATATATATA TATGTGTGCG TGTATGTGTA

+1756 CACCTGTATT TAATTTCCTT ACTCGCG6GT TTTTCTTTTT TCTCAATTCT TGGCTTCCTC TTTCTCGAGT ATATAATTTT
+1898

+1836 TCAG6TAAAA TTTAGTACGA TAGTAAAATA CnCTCGAAC TCGTCACATA TACGTGTACA TA ATG TCT GAA CCA
Xbal

+1910 GCT CAA AAG AAA CAA AAG GTT GCT AAC AAC TCT CTA GAA CAA TTG AAA GCC TCC GGC ACT GTC

+1973 GTT GTT GCC GAC ACT GGT GAT TTC GGC TCT ATT GCC AAG TTT CAA CCT CAA GAC TCC ACA ACT
Hbol Hbol

+2036 AAC CCA TCA n G ATC TTG GCT GCT GCC AAG CAA CCA ACT TAC GCC AAG TTG ATC GAT GTT GCC

+2099 GTG GAA TAC GGT AAG AAG CAT GGT AAG ACC ACC GAA GAA CAA GTC GAA AAT GCT GTG GAC AGA
EcoRI Nbol

+2162 TTG TTA GTC GAA TTC GGT AAG GAG ATC +2188

Figure 2 . Nucleotide sequence of the ILV5 gene (mRNA-ldentical strand) and the
deduced amlno acid sequence of the ILV5 polypeptlde. The A of the translation
Initiation codon Is numbered +1 and the preceding G - 1 . The 1,185 nucleotide
long open translational reading frame i s terminated by a TAA stop codon at
position +1186. At position +1898 i s noted another open reading reading frame.
The positions for transcription init iat ion and termination are marked with
triangles. Several sequence elements of possible significance can be recognized
outside the ILV5 coding region. A promoter-like sequence (TATAAAA) i s under-
lined, and sequences which may signify possible control elements for transcrip-
tion termination (61,62) are marked with overlining. Three TGACTC sequences
(or i t s complement), implicated in general control of amlno acid biosynthesis
(48) are marked with wavy overlining. A putative leucine control sequence,
TCCGGTACCGGTTC (c f .57) , i s present between positions -379 and -366.

tor YRpl7 has been described by J. Polaina (14). A restriction map of the

cloned fragment (in plasmld pE17/ll-Bl) i s given in Figure 1A. Before the

sequencing was in i t ia ted , the plasmld was cleaved with EcoRI, religated with
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1 2

Figure 3. Northern analysis. RNA molecules
transcribed from the ILV5 region were iden-
tified by hybridization of 32P-labeled DNA
to total yeast RNA separated in agarose gels.
Lane 1: The probe (mpl9-Sc430) contained la-
beled DNA from position +181 to -1191 of the
mRNA-coraplementary strand of the ILV5 gene.
Lane 2: Hybridization with mpl9-Sc3 contain-
ing the mRNA-complementary strand from posi-
tion +1044 (in the coding region) to position
+2188. Messenger RNA sizes were determined
from the positions of the large and small
ribosomal RNAs.

T4 DNA ligase and used to transform Escherichla coll strain HB101. This

resulted in a plasmid lacking the 1.05 kb EcoRI -fragment of the DNA insert,

but otherwise identical to pE17-ll/Bl. The deletion plasmid was unable to

complement the Ilv5 mutation of yeast strain C82-1613 (MATa ilv5-l ura3 trpl

hon7). Most likely, the ILV5 coding region therefore spans the left EcoRI

site in the fragment shown in Figure 1A.

Sequencing of the 3.4 kb yeast DNA fragment was carried out using the

bacterlophage M13 and dideoxy chain termination method (21,22). Five frag-

ments from single or double restriction enzyme digests of pE17/ll-Bl were

cloned into M13mpl9 (single enzyme fragments in both orientations), giving

clones mpl9-Sc3 through mpl9-Sc9, see Figure 1C. Two of the phage clones,

mpl9-Sc4 and mpl9-Sc9, were used for creating two new sets of M13 clones

from opposite strands by the method of Hong (23). Of the entire 3,379 base

pair fragment, 71Z was sequenced in the direction from right to left In

Figure 1 and 91 X in the opposite direction. In regions where the sequence

was obtained only in one direction, sequencing was carried out twice and

alaost always from different M13 phage8. The sequence was established without

ambiguity and found to contain one open translational reading frame of 1,185

nucleotldes (Figure 2).

Transcription of the ILV5 gene

To determine the size of the ILV5 mRNA, 32P-labeled single-stranded M13

probes with DNA from different parts of the sequenced region were hybridized

to total yeast RNA blotted onto nitrocellulose filter after electrophoresis

in a denaturing agarose gel (Figure 3). Probe mpl9-Sc430 (Figure 1C) with the

mRNA-compleoentary strand from position +181 to position -1191 labeled with
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S1 mapping ( 5 )

size 1 2 3 4 5 6 7 8 9 1 0
(bases)
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100- 0 •*
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B Reverse transcription

1 2 3 4 5 6 7 8
position

-140-

-120-

-100-

-80-

-60-

til

?a

80-

70-

60 -

-40-

Figure 4. Mapping of the 5' terminus of the ILV5 mRNA. Figure 4A shows nuclease
SI mapping: Lanes 1-4 are T. C, 6 and A sequencing tracks serving as size
markers. Lane 5 contains 3-1CH dpm of 5' end-labeled 399 bp Ddel fragment' (see
Figure IB). Lanes 6-9 show the result of hybridixlng 3-10^ dpm of probe to
36 yg of yeast RNA at 39, 43, 47 and 50°C, respectively, followed by nuclease
SI digestion. Lane 10: Hybridization to 40 yg £. coli tRNA at 43°C, followed
by SI digestion. The gel was exposed for 48 hours at -80°C with intensifying
screen. Figure 4B shows primer extension mapping: Lanes 1-4 are the T, C, G
and A dideoxy sequencing tracks of mpl9-Sc4 using 2'10^ dpn of the 51 end-
labeled primer 5'-GGCTGGAGTTCTCAACAT. The positions of the sequence readings
upstream from the ILV5 gene are indicated. Lanes 5-7 show the result of hybrid-
izing 2-106 dpm of labeled primer to 40 ug total yeast RNA, followed by elon-
gation with reverse transcriptase at 23, 43 and 50°C, respectively. Lane 8: Re-
verse transcription with E^ coll tRNA. The gel was exposed for 24 days at room
temperature.
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3 2P, hybridized to one RNA species with a size of about 1,500 ribonucleotides

(lane 1). The same mRNA Is hybridizing to mpl9-Sc3, containing 32P-labeling

of the same strand from the Kpnl site at position +1044 in the ILV5 coding

region to position +2188, 1,003 nucleotides downstream from the TAA stop codon

(lane 2). In addition, this probe also hybridizes to an RNA molecule of about

1,300 nucleotides, transcribed fron a region containing the start of another

open reading frame downstream from the ILV5 gene (Figure 2). There is no

further detectable transcription from the sequenced region.

Northern analysis was also carried out with M13 clones which by sequen-

cing were known to represent different parts outside the coding region. It

was shown that transcription of the 1.5 kb ILV5 mRNA initiated downstream

of position -150 and terminated between the 3' end of the coding region and

270 bp downstream from It (data not presented).

Nuclease SI and primer extension mapping of the ILV5 mRNA

Nuclease SI protection mapping (33) was carried out In order to localize

precisely the ends of the ILV5 mRNA. To map the transcription start point,

the 5* ends of the double-stranded Ddel restriction fragment from position

-347 to +56 (Figure IB) were labeled with 32P and hybridized to total yeast

RNA or Ê . coll tRNA In 80Z fornamide. The sizes of protected DNA fragments

were then determined on a polyacrylamlde gel using dideoxy sequencing of a

known DNA sequence for size marking. The result is shown in Figure 4A.

Hybridization to yeast RNA at 39 and 43°C (lanes 6 and 7) results in protec-

tion of 137-138 nucleotides. No DNA fragments are protected at higher tempe-

ratures or with £. coll tRNA. This places the 51 terminus of the ILV5 mRNA

137-138 bases upstream from nucleotide +56, I.e. at position -81 to -82 (see

Figure 2). No other major transcription start points have been Identified.

The 5' end of the mRNA was also mapped by primer extension (32). A 5' end-

labeled synthetic oligonucleotlde 32P-d(GGCTTGAGTTCTCAACAT), complementary

to the sequence +1 to +18 in the ILV5 coding region, was annealed to yeast

RNA and to II. coll tRNA. Subsequent reverse transcription was allowed at

different temperatures to diminish any effect of folding of the 5' region on

the elongation reaction. The sizes of elongation products were determined on

a sequence gel by comparison to dideoxy sequencing reactions of the ILV5

upstream region using the labeled 18—mer as primer (Figure 4B, lanes 1-4).

With yeast RNA, a doublet band Is observed at all three temperatures at

positions -80 and -81 upstream from the ILV5 coding region (lanes 5-7). In

lanes 6 and 7 is also seen a band at position -124 to -125. Since a start

point for transcription at this position was not observed in the SI mapping
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experiment described above, this is not regarded as an ILV5 mKNA 5' end. In

conclusion, both SI mapping and primer extension have located the 5' end of

the ILV5 mKHA to position -81 ±1 upstream from the start of translation

(Figure 2).

S1 mapping (3)

size
(bases)

1 2 3 4 5 6 7

i
440-
420 :

400-
380-

360-

340-

320-

300-

280-

260-

240-

220-

Figure 5. Nuclease SI mapping of the 31 end of the IL.V5 mRNA. Lane 1: The A-
track of a known DNA sequence serving as sire marker. Lane 2: A sample (3'10^
dpm) of the 434 bp EcoRI-Ddel fragment (see Figure 1) 3' end-labeled at the
EcoRI site (positions +1071 and + 1072, i.e. mRNA-complementary strand). Lanes
3-4: 4-10^ cpm of the same probe were hybridized to 36 vig of yeast RNA at 43
and 50°C, respectively, and treated with SI nuclease. Lane 5: SI experiment with
40 yg £. coli tRNA, 43°C. Lane 6: 3-103 cpm of the 434 bp fragment labeled at
the Ddel Bite (position +1505 downstream from ILV5, i.e. RNA-ldentlcal strand).
Lane 7: 4*10^ dpm of the probe shown In lane 6 to 36 gg yeast RNA at 43°C and
treating with SI nuclease. The gel was exposed for 90 hours at room temperature.
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Table I. Amlno acid composition (MolX) of the yeast ILV5 polypeptlde and the
purified acetohydroxyacid reductoisomerase of Salmonella typhimurlum
(calculated from Hofler et al.(2)).

Amlno acid
Ala
Val
Leu
H e
Pro
Phe
Trp
Met
Gly
Ser
Thr
Cya
Tyr
Asx
Glx
Lys
Arg
His

Total

ILV5 polypeptide
8.4
6 .1
8.6
4 .6
4 .1
4 .1
1.8
2 .0
8.6
5.6
6.6
0 .8
4 .8
9.7
9.6
7.1
6.6
1.3

100.4

Salmonella
reductoisomerase

10.9
6.3
9.4
5.4
3.6
3.3
1.1
3.3
9.4
4.6
4.2
1.0
3.3
9.6

12.6
6.3
4.2
1.5

100.0

The 3' end of the mRNA was mapped by SI mapping using a double-stranded

KcoRI-Ddel restriction fragment from position +1070 in the coding region to

a position 322 nucleotides (+1505) downstream froa the TAA stop codon as a

probe. The nRNA-complenentary strand was 31 end-labeled at the EcoRl site

with (ct-32P)-dATP at positions +1072 and +1073. The opposite strand was

labeled at the Ddel site by filling-out the G at position +1505 with (cr-32p)-

dGTP. The result of this analysis is shown in Figure 5. After hybrldaration,

only the fragment labeled at the EcoRI site is protected (lanes 3 and 4).

The size of the fragment is between 332 and 336 nucleotides, placing the

polyadenylatlon site of the ILV5 nRNA this distance 3' from position +1072,

i.e. between 218 and 222 downstream from the translation stop codon (+1403

to +1407) (see Figure 2).

From this analysis, the size of the ILV5 mRNA can be calculated to be

between 1,483 and 1,490 rlbonucleotides, in agreement with the size determined

from Northern analysis (Figure 3).

Amlno acid sequence of the ILV5 polypeptide

The amlno acid sequence of the ILV5 polypeptide, as deduced from the

DNA sequence, is shown in Figure 2. Initiation of translation is indicated

to take place at the first AUG codon in the ILV5 mRNA. The polypeptide is

composed of 395 amlno acids with a molecular weight of 44,280. We have com-
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Table

T

C

First
Letter

A

G

II. Codon

T

Phe
Phe
Leu
Leu

Leu
Leu
Leu
Leu

lie
lie
lie
Met

Val
Val
Val
Val

2
14
3
29

0
0
2
0

3
15
0
8

13
11
0
0

usage within the

Second
C

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thr
Thr
Thr
Thr

Ala
Ala
Ala
Ala

10
9
1
0

3
0
13
0

10
16
0
0

22
11
0
0

letter
A

Tyr
Tyr
stp
stp

His
His
Gin
Gin

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

0
19
0
0

0
5
12
0

1
17
1
27

20
0
26
0

ILV5 gene.

G

Cys
Cys
stp
Trp

Arg
Arg
Arg
Arg

Ser
Ser
Arg
Arg

Gly
Gly
Gly
Gly

2
1
0
7

6
0
0
0

1
1
20
0

33
1
0
0

T
C
A
G

T
C
A
G Third

Letter
T
C
A
G

T
C
A
G

pared the amino acid composition of this polypeptide to that of purified

reductoisomerase from Salmonella typhimurlum (2) (Table I). The two proteins

are very similar, as the difference in content between any amino acid is

leas than 2.5 MolX. The molecular weight of the native reductoisomerase of

]5. typhimurlum has been determined to be 220,000 (1,2). The enzyme is composed

of 4 identical subunits, determined to be 57,000 by sedimentation equilibrium.

In acrylamide gels, molecular weights ranging from 46,500 to 52,000 were

found (2), i.e. similar to the calculated molecular weight of the ILV5_ poly-

peptide. The size also agrees with the maximum molecular weight estimate of

Ê . coll reductoisonierase of 50,000, calculated from the cloned ilvC gene (11).

The yeast reductoisomerase is found in the mitochondria together with

at least three of the other isoleucine-valine enzymes (18). The amino-

termlnal region of the ILV5 polypeptide is basic, a feature that has been

noted previously for proteins to be transported into the mitochondria (37).

Of the first 59 amino acids, there are 8 arginlnes and 3 lysines, and no

acidic residues. Another feature of the ILV5 polypeptide is a very hydro-

philic carboxy-termlnal region. Of the 33 carboxy-ternlnal amino acids, 52Z

are either acidic or basic (see Figure 2). In a computer analysis of the

hydrophobicity along the ILV5 polypeptide chain according to Kyte and Doo-

little (38), it appeared to lack membrane-associating regions.

Codon usage and expression of the ILV5 Rene

Strong codon bias is usually seen for highly expressed genes in yeast
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1 2 3 4
MW

97,400- <

68,000 -\

43.0OO- %

25,700-<

Figure 6. Identification of acetohydroxyacid reductoisomerase In an 8X SDS
polyacrylamlde gel of total soluble yeast proteins. Lane 1: Molecular weight
markers (phosphorylase b 97,400, bovine serum albumin 68,000, ovalbumin 43,000,
cr-chymotrypsinogen 25,700). Lane 2: Strain M1-2B (wild-type), Lane 3: Strain
C86-P506 (Ml-2B/pBR322-2u-URA3-ILV5), Lane 4: Strain C86-2485 (ilv5-Al). The
position of reductoisomerase, apparent molecular weight 40,000, is indicated by
an arrow.

(39). The codon usage is listed in Table II. Interestingly, the codon bias

index (39) of the ILV5 polypeptide is 0.89, i.e. comparable to that of alco-

hol dehydrogenase isoenzyme I. Of the 61 possible triplets, only 37 are used

for ILV5. This is in contrast to ILV1 and ILV2, which use 57 and 59 codons,

respectively (40,41).

The strong codon bias for ILV5 prompted us to identify the yeast reduc-

toisomerase In an SDS polyacrylamlde gel pattern of soluble yeast proteins.

For this purpose, three yeast strains were compared. The wild-type strain

was M1-2B (MAT a ura3-52 trpl). Strain C86-2485 harbors a chromosomal dele-

tion of the ILV5 gene, Ilv5-Al, extending from position -376 to +1044, i.e.
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Table III. Derepression of reductoisomerase ln strain X2180-1A

Medium

SD
SD + 5-MT(0.5
SDPro
SDPro + 5-MT
SDPro + 5-MT

mM)

(0.05
(0.20

Generation
time (h)

2.0
2.6
5.0

mM) 9
mM) 10

2.27
2.49
2.61
3.49
3.19

Reductoisomerase
nmol/mln/mg protein

2.31 2.58
2.32
3.14 2.37 2.50
4.14
3.23

mean
2.4
2.4
2.7
3.8
3.2

it lacks the promoter region and most of the coding region. C86-P506 is

strain M1-2B transformed with plasmid pEIv5 (pBR322-2 p-UHA3-ILV5) for over-

production of reductoisomerase. Strains M1-2B and C86-2485 were grown in

synthetic complete medium, while C86-P506 was grown ln the same medium

lacking uracll. The cells were harvested at late exponential phase and total

soluble protein extracts were prepared. These were analysed on an 8Z poly—

acrylamide gel with SDS. The result is shown in Figure 6. About 50 stained

protein bands with apparent molecular weights above 20,000 can be distin-

guished. One polypeptide in the extract from the wild-type strain, with an

apparent molecular weight of 40,000 (lane 2), is missing in the ilv5 deletion

strain (lane 4), but is one of the most abundant bands in the ILV5 multi-copy

strain (lane 3), and is thereby identified as the yeast reductoisomerase

subunlt.

Derepresaion of reductolsomerase by amlno acid starvation

A number of genes coding for enzymes involved ln amlno acid biosynthesis

ln yeast are under general amlno acid control (19,20). When cells are starved

for any one of several araino acids, expression of the genes is induced 2- to

10-fold due to an increase in transcription (42,43,44,45,46). Studies of HIS3

and HIS4 have defined a repeated sequence element, TGACTC, upstream from

transcrlptional Initiation, which Is essential for positive regulation in

response to amlno acid starvation (44,47,48,49).

Three TGACTC sequence elements (or its complement) are present upstream

of the transcription initiation point in the ILV5 gene, namely at -340, -312

and -140, see Figure 2. The presence of these sequences suggests that the

ILV5 gene is under general control. In order to test this hypothesis, the

wild-type strain X2180-1A was grown under different amlno acid starvation

conditions, and reductoisomerase levels determined in permeabilized cells.

The result of this analysis is shown in Table III. No derepression of the

enzyme Is observed when cells are starved for tryptophan by the addition of

5-methyltryptophan to ammonium minimal medium. However, the enzyme level
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Increases slightly, by a factor of about 1.4, when 5-methyltryptophan (0.05

mM) Is added to proline minimal medium. Our Interpretation is that the ILV5

gene is under general control, but that severe starvation conditions are

required for even a small derepression.

DISCUSSION

He have shown that the ILV5 gene of yeast contains one contiguous open

translatlonal reading frame of 1,185 base pairs. There is one point of

transcriptional Initiation, located 81 nucleotides upstream from the start of

translation (Figure 2). The transcription start point Is very close to the

sequence CAAG (at position -80), which Is present in the promoter region of

several other yeast genes (24,50,51,52,53). In higher eukaryotes, an A-T rich

region with the canonical sequence TATÂ A*, (the TATA element) has been

suggested to play a role in inlatlon of transcription. It is usually located

26 to 34 bases upstream from the start of transcription (54). TATA-like se-

quences are often present upstream of yeast genes, but the distance to the

point of transcription varies from 35 to 180 bases among the genes studied

(55). In the ILV5 gene, a perfect TATA element is present at position -161,

I.e. 80 nucleotides upstream from the transcription start point.

The presence of three TGACTC containing sequences (at -140, -312 and

-340) 5' of the transcription start point of the ILV5 gene, suggests that it

is under general amino acid control (44,47,48,49). However, the reductoisomer-

ase level increased only slightly when cells were grown under severe amino

acid starvation conditions (Table III). It is possible that the high basal

level of the enzyme masks efficient general control.

As for the other isoleucine-vallne enzymes, the reductoisomerase activity

is lowered by the simultaneous addition of isoleucine, vallne and leucine to

minimal growth medium (15,16,17). The molecular mechanism for this apparent

pathway-specific regulation is not clear (see ref. 56 for discussion). In

leucine biosynthesis, Martiner-Arlas et al. (57) have identified a GC-rlch

palindromic upstream element containing the sequence GCCGGAACCGGCTT, which Is

important for the specific leucine repression of LEU2. Such sequences have

also been noted In the upstream regions of LEU1 (58) and LEU4 (59). A related

sequence, TCCGGTACCGGTTC, Is present upstrean of ILV5 (from position -379,

see Figure 2), and we have noted a similar element, GCCGGTACCGGCTT (at posi-

tion -467), in the 5' flanking region of the ILV2 gene (41). It is therefore

tempting to suggest that leucine control acting on isoleucine-vallne genes

play a role In 'nultivalent repression'. The requirement for isoleucine and
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valine In this repression could be to abolish a derepression response under

general amino acid control by adding leucine alone, a growth condition which

has been shown to result in isoleucine-valine limitation (60).

The polyadenylation site of the ILV5 mRNA has been located between 218

and 222 nucleotides downstream from the translational stop codon (positions

+1403 and +1407). From a comparison of five yeast genes, Bennetzen and Hall

(61) have suggested that the sequence TAAATAAQ, located 25-40 bp upstream

from the polyadenylation site, is a transcription termination signal in yeast.

Such a sequence, with a 6/8 fit, is located at position +1353. In the same

region (at position +1362), we have noted the sequence TTTTTACA, which

differs by only one nucleotide from the element TTTTTATA, which by Henikoff

et al. (62) has been suggested to be involved in transcription termination

in yeast. A similar sequence was noted 38 bases upstream from the termination

of transcription in the ILV1 gene (24) and is also present about 20 nucleo-

tides upstream from the termination point for the ILV2 mRNA (41). Zaret and

Sherman (63) have identified a tripartite structure to be Important for sig-

naling termination of the CYC1 mRNA. Such a structure is not readily recog-

nized in the 3' untranslated region of the ILV5 gene.

We have identified the acetohydroxyacid reductoisomerase subunit in

a stained SDS polyacrylaalde gel pattern of total soluble proteins from

wild-type yeast cells. This correlates well with the codon usage, which is

biased in a manner similar to that of highly expressed genes (39). The bias

is very similar to the ADC1 gene (alcohol dehydrogenase lsoenzyme I), for

which the mRNA constitutes 0.5-1Z of total mRNA (39). Another feature of

many highly expressed yeast genes is the presence of a C-T rich stretch in

the spacer element between the TATA element and the point of transcription

initiation (51). At the phosphoglycerate kinase gene, a CT-block of 20 bases

is located 10 nucleotides upstream from the start of transcription (51). A

sequence of 21 nucleotides, of which 19 are C or T (and 2 are G's), is loca-

ted between positions -114 and -94, i.e. separated by 12 bases from the

start of transcription in the ILV5 gene.

The enzymatic properties of reductoisomerase from yeast and other

organisms (1,2,3,4,5,6,7,8), as well as the similarities in molecular weight

and in amino acid composition between the ILV5 polypeptide and the purified

enzyme of Salmonella typhimurium, suggest that the reductolsomerase is

highly conserved among different organisms. From purification of the enzyme

of ĵ . typhlmurlum (2) and from Keurospora (5) it can be estimated that the

enzyme constitutes about 0.5-2Z of total soluble protein. Our results point
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to a similar level in yeast. This is at least one order of magnitude higher

than usually found for amino acid biosynthesis enzymes. Hofler et al. (2)

have suggested that the high level of reductoisomerase in j>. typhimurium

could be necessary to compensate for the poor substrate turn-over rates of

the enzyme. The same might be the case in yeast.

Many mitochondrial proteins are encoded in the nucleus, synthesized

on free ribosomes in the cytoplasm (64) and transported into the mitochon-

dria poat-translationally. Usually, these proteins are synthesized as longer

precursor polypeptides with amino-terminal presequences which are cleaved

off upon import into mitochondria (37). It has been shown that cleavable

presequences may contain signals, not only for mitochondrial targeting, but

also for intramitochondrial sorting (65). The ILV5 polypeptide has a basic

amino-terminal region typical of a matrix-targeting sequence. Among the

first 57 amino acids, 11 are basic and none are acidic. The polypeptide

does not contain any long stretch of uncharged amino acids resembling the

'stop-transfer sequence' seen in the presequence of intermembrane bound

cytochrome cj or the 70 kD outer membrane polypeptide (65). We therefore

suggest that reductoisomerase is located in the mitochondrial matrix. This

may also be the case for threonine deaminase, the first enzyme in isoleucine

biosynthesis, since the ILV1 polypeptide amino-terminal region is very

similar (39). Concerning acetohydroxyacid synthase, Falco et al. (Al) have

noted a stretch of 10 uncharged anlno acids in the basic amino-terminal

region of the ILV2 polypeptide. This may not be sufficient to serve as a

stop-transfer signal.

The calculated molecular weight of the ILV5 polypeptide is 44,280, i.e

about 4,000 larger than the apparent molecular weight of reductoisomerase

(Figure 6). Whether this difference is the result of cleavage of a pre-

sequence of about 40 amino acids is not known. In the protein pattern of

the ILV5 over-producing yeast transformant (Figure 6, lane 3) there appears

to be no protein band of about 44,000 molecular weight which could be the

uncleaved precursor polypeptide. In the case of the ILV1 and ILV2 polypep-

tides, suggestive evidence for cleavable presequences have been presented

(40,41).
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