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ABSTRACT
Determination of the nucleotide sequence of a DNA region from

Saccharomyces cerevisiae previously shown to contain the LEU3 gene revealed
one long open reading frame (ORF) whose 887 codons predict the existence of a
protein with a molecular mass of 100,162 daltons. The codon bias index of
0.02 suggests that LEU3 encodes a low-abundance protein. The predicted amino
acid sequence contains a stretch of 31 residues near the N-terminus that is
rich in cysteines and basic amino acids and shows strong homology to similar
regions in five other regulatory proteins of lower eukaryotes. Additional
regions with a predominance of basic amino acids are present adjacent to the
cysteine-rich region. A stretch of 20 residues, 19 of which are glu or asp,
is found in the carboxy terminal quarter of the protein. The 5' flanking
region of LEU3 contains a TATA box 111 bp upstream from the beginning of the
long ORF and two transcription initiation elements (5'TCAA3') 58 and 48 bp up-
stream from the ORF. The 3' flanking region shows a tripartite potential
termination-polyadenylation signal. The predicted 5' and 3' ends of the tran-
script are in very good agreement with the previously determined size of the
LEU3 message. Analysis of a LEU3'-'lacZ translational fusion suggests that
the LEU3 gene, whose product is involved in the specific regulation of the
leucine and possibly the isoleucine-valine pathways, is itself under general
amino acid control. Consistent with this observation is the finding that the
5' flanking region of LEU3 contains two perfect copies of the general control
target sequence 5'TGACTC3'.

INTRODUCTION

At present, LEU3 is the only specific genetic element in leucine

biosynthesis in yeast known to exert a regulatory function. Strains carrying

a spontaneous mutation or partial deletion in LEU3 grow very sluggishly in the

absence of leucine because of greatly diminished expression of the LEU1 and

LEU2 genes which encode isopropylmalate (IPK) isomerase and P-IPM
dehydrogenase, respectively (1,2). The fact that l-u3 mutations are

uninducibli did are recessive in diploids suggests that the LEU3 product acts

in a positive fashion. The 5' flanking region of LEU2 has been shown to

contain a G+C-rich, palindromic sequence important for the expression of that

C) IRL Pres Umited, Oxford, England. 5261



Nucleic Acids Research

gene (3). Similar "leucine-specific" upstream activating sites (UASL) with

the consensus sequence:

T (G) A G (C)
5' C C C G C C A C C G C C T 3'

A T T

are also present in the 5' flanking regions of LEU1 (4), LEU4 (5), ILV2 (6),

and ILV5 (7). It is possible that these sites represent target sequences for

the LEU3 product, although other possibilities cannot be ruled out at this

time.

The LEU3 gene has recently been cloned and shown to specify an mRNA of

2.9-3.0 kilonucleotides (2). Here we report that LEU3 is capable of

elaborating a 100 kDa protein with features typical of DNA binding proteins.

Analysis of an in-frame LEU3'-'lacZ fusion shows that LEU3 expression

increases when general amino acid control signals are given.

MATERIALS AND METHODS

Strains. Plasmids. and Special Materials

The following strains were used as hosts in transformations:

S. cerevisiae CG219 (MATa ura3-52) (2), E. coli MC1000 (A[lacIPOZYA] X74,

galU, galK, rpsL, A[ara,leu] (8), and E. coli JM101 and JM103 (9). Plasmids

pSEY101 and pSEY102 (10) (gifts from S. Emr of CalTech) contain the yeast URA3

gene, a polylinker region, and either yeast 2 pm DNA (pSEY101) or yeast

ARS1-CEN4 DNA (pSEY102). DNA to be sequenced was derived from plasmids pGB4
and pTSC36 (2). Cloning vectors Ml3mpl8 and Ml3mpl9, universal

single-stranded M13 primer (17 bases), and mung bean nuclease were obtained

from P-L Biochemicals. DNA polymerase I (Klenow enzyme), T4 DNA ligase, and

exonuclease III from E. coli B were from Boehringer Mannheim. All other bio-

chemicals, including restriction endonucleases, were purchased from various

national suppliers. [a 32 P]dCTP (800 Ci/mmol) and [-y-32P]ATP (5000 Ci/mmol)

were from Amersham Corp.

Growth Conditions
The growth conditions and media were as described elsewhere (2), except

that yeast cells were harvested at an OD580 of about 0.8. 3-Amino-1,2,4-
triazole was added to exponentially growing cells for the final doubling prior

to harvest.

DNA Preparation and Treatment

Plasmid DNA isolation, restriction enzyme digestions and fragment isola-

tion procedures were described previously (2). Mung bean nuclease and Klenow

enzyme treatments were performed as described (5). Ligations were performed
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at 22°C for >12 hours using 1-2 units of T4 DNA ligase per pg DNA. Ligation

mixtures for blunt end ligations also contained T4 RNA ligase at a concentra-

tion of 1 pg per pg DNA. Synthetic linkers were phosphorylated essentially as

described by Maniatis, Fritsch and Sambrook (11) using unlabeled ATP.

Transformation Procedures
Yeast transformations (12) and bacterial transformations (11) were per-

formed essentially as described.

Nucleotide Sequencing
All sequencing was performed by the dideoxy chain termination method

(13). Fragments of plasmids pGB4 or pTSC36, generated by restriction enzyme

digestion, were inserted into the replicative form of two M13 vectors (9).

When fragments were too long, exonuclease III was used to create a series of

controlled unidirectional deletions (14). In addition, synthetic oligo-

nucleotides corresponding to known LEU3 sequences were sometimes used in place

of the universal primer.

Assay For f-Galactosidase
Yeast cell-free extracts were prepared as described by Baichwal et al.

(1), except that the extraction buffer contained 0.1 M TRIS-HC1, pH 8.0, 20%

(v/v) glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and

0.05% Triton X-100. P-Galactosidase activity was measured by the procedure of

Miller (15). Protein was determined by the method of Bradford (16) using

bovine serum albumin as a standard. For plate assays, bacteria were put on

minimal plates containing ampicillin (50 pg/ml) and X-Gal (5-bromo-4-chloro-3-

5' ORF 3'

So N S H EY ScH Hi Sn
II 1

-500 +1 +560 +1000 +1500 +2000 +2500 +3000 bp

Figre 1. Sequencing strategy and position of long open reading frame.
The long open reading frame is indicated by the top arrow. The short

arrows indicate the direction and the extent of sequencing. Arrows pointing
to the right, noncoding strand; arrows pointing to the left, coding strand.
For more than 95% of the DNA between positions -250 and +3060, sequence was
obtained from both strands. The restriction sites shown are those whose
presence was confirmed by digestion with the appropriate enzymes. EV, EcoRV;
H, HpaI; Hi, HIndIII; S, Sail; Sa, Sau3A (only the most upstream site is
shown); Sc, ScaI; Sn, SnaBI.
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ITCrcrin rcrmM MIDCr ACOU inu"Ix mmiii rIMB iMrcB isiCrruci uiNnnrCniCLM wrucm -Wu

CICM UTAmVA A1MC1 mrM M iMTNi IWO nT T5T1rC IC1TA TET,CiCTi -m

UI_TTR 5iicT I ATATC1TTUC ATTITUIC TATTCTAMT UTCUTS TATA6 Ilm i iNcrCrC CTNWT CiCi_iC ON5C -131

WFPATTAT MM IUTCTTTTT TI1TTTT miuinT r MiUulRATAGm TTW_I iNiNiMi CINcrH I I

ICTmiiM AiTINI M CWCiW cuiinm iAVMnc,r wtmmrrm AT.,,,rTTTTM i-T
m mm m mi m sm cra n= irMmm Mm mis m c mm m m m v m A m m mm
lbt I1. Sly An hr hp Ph. Val Ala Thrh1r 51. hr Sly hr 51. Ni hr His hr I1e Thr An AlN An DrSly hr hr Ala AM Lys Al 33

MTTmlmuT mirm acCso mM TIMT cicc gm McT mI ITICAM CmMT uvCrM is.
Lys Pi Al Cv Va1 Il cv &3 O1e Sln Lv hr Ln Cv Al Al Hi. 61. A Al Pro 51. Pr Cv BE Lv Cvi Al Lys Lys Am V1l 66

w:nnXrMMnaMMim WmMmmmmmmmrmmmic crca:arnBnnmmimcT mTTm
X I.aiLyskgAlkgkgThwTrLy"AakgAlkmla AIlSelULyLyslIle La hrLAnThr rwAmLa "

:ITCrBrnTas0nannnWnrTTmmTmm Tmm amA rrm MCu rriamlmmTrnAMMMm 35
TwbrrAp Ile 1LoLaLysLyspIlele elOleK1le Ile Val . pAlp r APha Lysi L.yiaLp yI4 LL a1 Lys r 132

OCrmmmam mmmmmsTCm crCmnmmcWia AniCTXrSTcAcUcanIWaCTCsTCTWi u
Ala Ph. GIs hr Dhr 51Iil 61l Pro kg hr Tyr Lyi Thr L AnIkgly Ile l.Pr hler Tyr hbr Thr hr kg kg His hr Ap hbr hr Pro 165
T CSMn O=nmsOMiKCCm cM onacaCMTocPAcrrTmTcTBArmMcciscmKo
Lm llr La Ln.rrhrhrbr 1A Ph 1p Pro lHisrhr kVal trAlp 1Ap ln L Ly Cys L Pro Lys rLv ly p 156
sMTmnAsCAmC mnCm r mcTBmmWAMMImm rCRTaiMnnMrmTs=csUTKCrTriM MA m 63
Val Tyr Laa rhrhrApleAlal Ol LaL Ph,OlelePh Ala hrLy r Hl1.PRw La Pro Val ValAp Lo hr Ly SlyAla Slu 231

Cnanmrnaio icr CWT 75 imcx=M sc mc c mrFMr Tm M Com mi OCmcr me um mu WY CI rim iCA Si M
kg Ile Tyr His La hbr Pro Cy La. Ph. Trp Val Ile La La Ile Sly La kg kg Lys Phe Sly Ala Thr lp La hrt Thr kg La hr V1l MA

Cr mmCAOsTrTTrm amMAcAmimCPrmmmiTCMmKrM RTmiWmisrrofcmTARTgmmOcR mmiTR351
La Val Ly. hr Val Las hr Uu Ile lhr Ile hr Pro Ile Ile kg Tyr Thr Pro br lp Ly. Ap 61. Pro Val La hr Va1 Ala hr Va1 Tyr 27
1Wc 1 iAWn TnrTCli VA TiC AM TIC 13 WiT W Tmr crlca:Trmn acc6WMC ACT M Yu AMRTaWATA 6A AU TTC Wi95
r Ile AlaRPla L a Tyr w A Trp Pro ProLa.lllr1w r La Gar Ala bp hrir Trp kmlt IleUly 1 AlaNot1Ph 330

ICS m6T craMTm TIM T M T r MTnm TCAPTCAmTUsTrNCnMmWAcIA IIrATACTcT 109
Ala La. k Val Sly La hr Cy Ala Sly Ph. hr Lys G1. iyr Ala hr Ala hr hr 6W1 La Vl hr 51 5a1. Ile kg Thr p Ile Cys Cys 363

AT6IrTTsiMc M C Usrr cAC0 Tam ST T CC0r mT 6TrnTCm Of TAT TA mACMrCCT A M mACnA AM 11
hr Val Val hr 51 Thr Va1 Ala r hr Pi. Sly Ph. Pro Ala Tyr Val hr P. Alp Tyr La Val Ile r hr e Arg Val Pro hr hr Lys 396

AIC MA PmmiAmTA =4m VA CrAmMnAmii Ti IAffrCT mrrAmM CAiNcM61A m MCA A1C MEWCMC MS0CSAr 167
hr 61. Va1 bp Il. Pro r S.LaArl61k 91 h aAla61. Ile Ala kg Ph., 61. hrn1 11. V l Ah Tlh hrt r ghr Itr Pro Ala Br Val *2

CTBIC A6rUAMT ca =TTC BrA T WncnAnCArM C S 1m M rAT 137
11r Sly hr Vl hr 61.I. 51. Lys Bl5 Pro La La His V.1 La hr 61. 51 La hr I1. La 51. 11. hr La. 51. 51. hr h La.Alp 6

MT MnM Am TrTTAMrsAE cCTiT TTmAWiCATcTTrIcaCCrmTgC CWAnT IrMM7CANTmT 1In
AplepAkgLysiPhLa.La La.VWIAlaLysValNisLa.Lal1wTyrTyrPhhrAlpValllw rsihbr Ala slyLysihrAmlyhAn<
Anr mi mm TCA TmT TM mnir Cm cIc m miOnMmmcSaCOT s sTSmUT m MT6CGMSiAMC1T cTr Mm 154
Ile Tyr 51. Sly hr Tyr hr Ile hrt 91 Lou Asp Thr hr Ph. 61e 1hr Lys kg sly La. Val Lys Val Tyr hR Ala Ala Val hr Ph. La le s
CRT C MY BA 1B WA RTATC AT ATT ATT T C m CCT MT m M T M ATA C1CT O M AT ATTUAT 1663
His Ala hr hrht Trp 61e His Alp Pro T Ile Ile Lys Tyr Ph. Pro Sly La Ph. V.1 La. hr Ile Trp G1s hr Ala Cys Il.e Ile hr Lys 5l
CM ATAcaT cnanCT ca cATTACTATSMc W TNTCTACMcW AATTcA T 0Cm ARTIMTcA TVTA M 1762
La Ile Hishr tr La. His hr htrLa. p Va1 hr hr sly Lys Lys Ala Tyr hr hr Ala IIe r L. 11w Ph. hr Ala hr V.1 La. Lys 594
iTMim mmtAC0MclCATAAM nCmmm6ITrATmTiSntiIiT ICCtmin 16 =11CNO
Tyr bp hr Ala Tyr kghrhr Sly Ile h rkhr Ie1rpiyr L. We Ala A lbthyr Pap Ala Trp Lys hrbp Il Lys 61. 5ly Sly 627

MrmcArmARTMTMcmNOTANcAmcmlcrmmlslcasimmlAlTM MrWEicTmTAmTrCiACA itM 1566
Sly kg La. hr hr Alp P. hr Lau Sly Ile Thr Ile Lys hr kg hr hr V.1 hr V.l Ph. Ph. Alp Cy. La Tyr Ile Lou Lys Ol Lys Cys 66

rTcAUCmTIIimmm m mmrcrTm cTrTmini Imimmmmm mmmimm mmmmm n
slyhtAlaLysLa AlkGIsThprLysVal rTW AlaTyrALValhr5la IlI Bly Me an SlyhN5le GIsSly Bl5a0Sl 51. 693
mmmmciiimtmMUTmCMiAUmrmT muin CTmmmmmmrCCrimmCCarl mm mmm aiim
SInsuINIlelbLa hr hr Lys Vl Pro 61 AH trAp hr IlaI.1 La Arg 11 kg Lys Ph. 11 hr V1 kgl Hi. Pro Ile Lys Lys Ala 7M
mmm1A AT1Mm 1MA UTCM CTA cC M muCC imKicMTOM iTC ACCiMcCrmOKTC TTAAiCCC0MRART MTnWAW IM 77
kI Lys Ilelele Dr1 Ile.Pro La. Ap Pro hr Pro Ile hr Ala 5ly hr w hr hr Sly hr hr Lau Tw 1w Pro hr hr 5I V1lR S

NI mmmmm AccMmMm incnsmic McWmiIrAMTTirincrmnT cincMK ms
hr,]hr. Ila hr Tyr kg Ely UIaaahAm hrbt hr obArl.-5ILa hr Hi. AlaA.La.^Alp hwrr V.1 hri1w Alp II&Lys4 ^ 7

WIrm cTrscMT m CCTWC CAAAm1m icrT mm cCO WASMiTnMA M rcTrrTT 7CA Am AC in Aii in mm AR WAci7511le1 Ala V.1 hr 61. Pro La. Pr. Ile Ily kg hr Ala Sla Hi. Pr. Ala hr Ila Pro Pro La. hr Il. T 51. hro5 S Ile hr Tr La W

MTOMACWAICNC cTCTMTmAMwMNcAT naRNCCCCUT ACT mIcanmCCINIC AE
Pr Ala wrIl laA r br La L TbrTyrPr IleVal l hr 1 ProV1VaDrDr1wIle y Ie a Pro An tr Ile m1
mmrlmImmiMMlTmIWATUTsi TTmmm frirmTTTmmBMmMMiMnciWCmulTTM 3
AlaMyirpAlbphAn rp Ilehr AmphVltWITrpgArl pValiAmp Ile.La.NithmrBitPh. AUPh* AnPro LysValhb
UTWCTTTVC TiiffTrTm iMMi IrIcI T=1 A 5f1 IN imMisir muCIIKIAWONm MluiMirIIImIiNICII immncrrI urI= I aM

WACWTuMifiMTi5WTiAMTvv ICI VMUlT'C vwvcar mmffrATW CMiCicnIIImlvCuI n1O-MAW1me immcr s

wm mrmrmwI nMmC mrcaCrrn*I APcsUICICrawmmMmmiuCmmi i mcmrr NriTM
Tirnmi nCMM UTXnCTT mTnmnm iT au
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indolyl-p-D-galactoside; Research Organics Inc., Cleveland, OH) (40 ig/ml).

Yeast cells were spotted onto minimal (SD) plates containing X-Gal (17).

RESULTS AND DISCUSSION

Nucleotide and Deduced Amino Acid Seguence of LEU3

Figure 1 shows a partial restriction map of the LEU3 region and the

sequencing strategy. The nucleotide sequence between restriction sites Sau3A

(left end of clone) and SnaBI is shown in Figure 2. A computer-aided search

of all six reading frames revealed only one extended open reading frame (ORF).

Its 886 amino acid codons are indicated by the shaded region in Figure 1. The

next-longest ORF contains 90 codons. Identification of the long ORF as that

of LEU3 is based on the following arguments: (i) Earlier subcloning experi-

ments showed that of three DNA fragments, all of which extended beyond the

SnaBI site, only the one that included the Sau3A site at position -561 was

able to complement leu3 mutations; two others, starting at the NsiI and the

SailI site, respectively, were unable to do so (2). (ii) Deletion of the

0.66 kb HpaI-HpaI fragment from the LEU3 gene destroyed LEU3 function (2).

(iii) The size of the long ORF (2.658 kb) agrees well with the size of the

LEU3 message, previously determined to be 2.9-3.0 kilonucleotides (2).

The deduced amino acid sequence of the LEU3 protein yields a calculated

molecular weight of 100,162. Codon usage is shown in Table 1. The codon bias

index is 0.02, implying that the LEU3 product is a low-abundance protein (18).

Special Features of the Predicted LEU3 Protein

Inspection of the deduced amino acid sequence reveals several prominent

features. One of these extends from residue 37 to residue 67. This segment

of 31 amino acids contains six cysteines, is rich in basic residues, and shows

a remarkable homology to five other lower-eukaryotic regulatory proteins

(Figure 3). In addition to the six cysteines, one arginine, one lysine, and

one proline residue are conserved in all six proteins; two more lysine

residues are present in comparable positions in five of the six proteins; and

Fig=r* 2. Nucleotide sequence of the LEU3 gene and flanking regions
(noncoding strand).

The sequence covers the region shown in Fig. 1. Nucleotides upstream
from the proposed translation start at +1 carry negative numbers, those down-
stream carry positive numbers. The deduced amino acid sequence of the long
ORF is shown below the nucleotide sequence. The following features have been
highlighted by wavy lines: Two general amino acid control boxes, a potential
Goldberg-Hogness box, two sequences potentially signalling transcription
starts (all in the 5' noncoding region), and a potential tripartite transcrip-
tion termination signal (3' noncoding region). A potential DNA binding motif
and an acidic amino acid cluster have been underlined (coding region). See
text for further details.
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Table 1. Codon usage in LEU3.

TTT Phe 21 (2.4) TCT Ser 17 (1.9) TAT Tyr 19 (2.1) TGT Cys 7 (0.8)
TTC Phe 13 (1.5) TCC Ser 8 (0.9) TAC Tyr 7 (0.8) TGC Cys 7 (0.8)
TTA Leu 29 (3.3) TCA Ser 32 (3.6) TAA End 1 (0.1) TGA End 0 (0.0)
TTG Leu 12 (1.4) TCG Ser 7 (0.8) TAG End 0 (0.0) TGG Trp 11 (1.2)

CTT Leu 10 (1.1) CCT Pro 11 (1.2) CAT His 10 (1.1) CGT Arg 2 (0.2)
CTC Leu 7 (0.8) CCC Pro 9 (1.0) CAC His 5 (0.6) CGC Arg 0 (0.0)
CTA Leu 15 (1.7) CCA Pro 13 (1.5) CAA Gln 26 (2.9) CGA Arg 8 (0.9)
CTG Leu 5 (0.6) CCG Pro 6 (0.7) CAG Gln 7 (0.8) CGG Arg 2 (0.2)

ATT Ile 26 (2.9) ACT Thr 16 (1.8) AAT Asn 39 (4.4) AGT Ser 19 (2.1)
ATC Ile 10 (1.1) ACC Thr 13 (1.5) AAC Asn 21 (2.4) AGC Ser 12 (1.4)
ATA Ile 17 (1.9) ACA Thr 23 (2.6) AAA Lys 37 (4.2) AGA Arg 19 (2.1)
ATG Met 23 (2.6) ACG Thr 8 (0.9) AAG Lys 17 (1.9) AGG Arg 13 (1.5)

GTT Val 27 (3.0) GCT Ala 16 (1.8) GAT Asp 30 (3.4) GGT Gly 9 (1.0)
GTC Val 5 (0.6) GCC Ala 12 (1.4) GAC Asp 11 (1.2) GGC Gly 4 (0.5)
GTA Val 16 (1.8) GCA Ala 14 (1.6) GAA Glu 52 (5.9) GGA Gly 14 (1.6)
GTG Val 6 (0.7) GCG Ala 9 (1.0) GAG Glu 18 (2.0) GGG Gly 4 (0.5)

The numbers in parentheses are percentages.

one aspartate and one asparagine residue each is conserved in four of the six

proteins. The cysteine/basic amino acid-rich regions of GAL4 and qa-lF have

been shown to be part of the DNA binding domain (19,20); it is likely that the

corresponding regions of the other four proteins have the same function.

It has been pointed out that the cysteine-containing region of the GAL4

and PPR1 products resembles the putative DNA binding regions in TFIIIA of

Xenopus as well as proteins encoded by the Kroppel and Serendipity genes of

Drosophila, and the yeast regulatory protein encoded by ADR1, and might con-

form to the zinc-binding "finger" motif found in those proteins (21). How-

LEU3 (S.c.) 37, VE C R Q S K C D A H R A P EP T KIC A|K KNiV P C
PMR (S.C.) 34!c K R C R LK K I K C D E- F - P- S C|K R C A,K L E V P C
MII (S.c.) 21 Ic W T C G6 K V K C D L - R H - P- H C Q R C E K S N L P C

MAL (S.c.) 11 C D I C
K

K L K CS K -EnK -Pl- K C
A KIC L K N HNW E C

LAC (K.L.) 95 CD A C KKK!W KCSK-TVl - P- TITNCC LKY[N LD C
a&-E (N.C.) 76C D a C R A A R E K CDG - I Q - P -ACF P V S Q CR S C

S.C. - SACMRYCIES CEREVISmA; K.L. = KLuyEIc LACIZS; N.C. = NEuosrOA

Fig= 3. Comparison of potential DNA binding regions in six lower-eukaryotic
regulatory proteins.

The numbers preceding the sequences indicate the distance (in residues)
from the N-terminus. The hyphens designate spaces introduced for maximum
homology. Sequence data are from the following references: PPR1 (40), ARGRII
(41), GAL4 (19), LAC9 (42), qa-lF (20).
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ever, this interpretation ignores the potential significance of the highly

conserved third and sixth cysteines of the region shown in Figure 3, as well

as other differences. It is more likely that the sequences listed represent a

variation of the finger motif. Metal binding has yet to be demonstrated for

any of these proteins. The sequence present in LEU3 is unique even among the

lower eukaryotic examples, since its middle region contains three additional

amino acids, including one histidine. Participation of this histidine in the

motif would create a very regular Cys-X2-Cys-X6-Cys-X2-His-X6-Cys-X2-Cys-X6-Cys
structure. The importance of cysteine/histidine-rich domains in nucleic acid

binding proteins is emphasized by the fact that at least six classes of such

proteins are now known, including gag encoded proteins of retroviruses, amino

acyl tRNA synthetases, and steroid hormone and vitamin D receptors (22,23).

Another notable feature of the LEU3 protein is the uneven distribution of

charged amino acids. Thus, an accumulation of lysine and arginine residues is

found between amino acid positions 31 and 94 and again between positions 123

and 148, In both of these regions, the basic amino acids constitute about one

third of the total number of amino acids present, as opposed to 8.4% for the

remainder of the protein. An extraordinary accumulation of acidic amino acids

occurs between positions 678 and 697, in the carboxy terminal quarter of the

protein. In this stretch of 20 amino acid residues, one glycine is surrounded

by 16 glutamates and 3 aspartates. While similar sequences exist in a number

of other proteins, there appears to be no common denominator with respect to

their function. Among the proteins containing a cluster of acidic amino acids

are yeast ubiquinol-cytochrome c reductase (24), a pig neurofilament protein

(25), the major capsid protein of adenovirus 2 (26), homeotic proteins (27),

bovine non-histone nucleosomal proteins HMGl and HMG2 (28), and frog nucleo-

plasmin, a histone binding protein (29). The last three examples are of

obvious interest with respect to potential functions of the LEU3 product.

Features of the 5' and 3' Flanking Regions
The promoter region of LEU3 contains both near-upstream "selector" and

potential far-upstream "modulator" elements. A good example of a

Goldberg-Hogness (TATA) box is present at position -111. This is followed by

two 5'TCAA3' sequences approximately 50 and 60 bp further downstream (at

positions -58 and -48, respectively). The TCAA element was recently recog-

nized as one of two preferred sequences in yeast that usually signal tran-

scription initiation when present 50-120 bp downstream from the TATA box (30).
The first ATG downstream from the putative transcription initiation sites is

located at position +1. This is followed by two additional in-frame ATG's at
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positions +49 and +82. A decision as to whether any of the latter two ATG's

could be utilized as a translation start will have to await experimental

determination of the transcription start point(s).

Two hexanucleotide sequences with a perfect homology to the general amino

acid control box 5'TGACTC3' are present at positions -417 and -241. The

sequence TGACTC appears in at least one copy in the 5' flanking region of all

genes that are subject to the cross-pathway regulation termed general control

of amino acid biosynthesis (reviewed in 31). It is part of the target

sequence for positive control by the GCN4-encoded protein. GCN4 itself is the

last, most direct-acting element in a hierarchy of regulatory genes that

respond to amino acid starvation. It has been shown that binding of the GCN4

protein extends to bases on either side of TGACTC (32,33). The environment of

the LEU3 general control boxes would predict intermediate affinity for the

GCN4 protein (32).

A sequence somewhat akin to the UASL consensus sequence (see

INTRODUCTION) is present between positions -442 and -429. However, this

sequence contains two additional bases in a region (5'ACCGG3') that is per-

fectly conserved in the five known examples of UASL sequences, and its signif-

icance is therefore unclear.

The likely translational stop codon of the LEU3 message (UAA at position

2659) is followed within the next 90 nucleotides by five additional stop

codons in all three reading frames. A tripartite termination-polyadenylation

signal of the kind proposed by Zaret and Sherman (34) is found between posi-

tions 2840 and 2867 (TAG. ..TATGT. .[A+T rich]..TCTT). The proposed positions
of transcription start and transcription termination agree very well with the

approximate length of the LEU3 encoded message (2.9-3.0 kilonucleotides)
determined earlier (2). In combination with the absence of the sequence

5'TACTAAC3' (35,36), these results also suggest that introns are not present

within the LEU3 gene.

Construction of LEU3'-'lacZ Fusions

Utilizing the unique EcoRV restriction site between nucleotide positions
1387 and 1392, a translational fusion to the E. coli lacZ gene was constructed

for the dual purpose of proving the existence of a long ORF and of being able

to study regulation of LEU3 expression at the protein level. Plasmid pGB4 (2)
which contains the LEU3 region (including the LEU3 promoter) served as

starting material (Figure 4A). Its unique SphI site was changed to an EcoRI

site by SphI digestion, mung bean nuclease and Klenow enzyme treatment, and

the addition of EcoRI linkers. The plasmid was subsequently digested with
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A
Sph I

Eco RV

U' RjiR3
EcoRVsJ

jpGB4~

LEU3 1\2.Okb 921m

Eco RI

SphI DIGESTION
MUNG BEAN NUCLEASE /KLENOW ENZYME

TREATMENT
EcoRI LINKER ADDITION

Eco RI
Eco RV

Eco RV /

ppGB9jh
LEIJ3 2.Okb //2um

Eco RI

Eco RI-Eco RV
DIGESTION

2.2kb FRAGMENT

.15 from
LEU3 polylinker lacZ

GAT GAT GGG GAT CCC GTC GTT...
Asp Asp Gly Asp Pro Vat Val
462 463 9 10

Figg.e 4. Construction of LEU3'-'lacZ translational fusion plasmids.
A, details of construction of in-frame fusion that contains 561 bp of the

LEU3 5,' flanking region, the first 463 LEU3 codons, and a truncated lacZ gene
lacking its promoter and the first eight codons. Blocks represent yeast DNA,
thin lines, bacterial DNA. Arrows within the plasmid circles indicate
direction of transcription. See text for additional information. B, details
of the fusion region.

5269



Nucleic Acids Research

Table 2. P-Galactosidase activities of a LEU3'-'lacZ fusion protein in
cell-free extracts.

Strain/plasmid') Additions to Specific activity -fold
minimal media (nmoles/min x mg) change4

CG219 Uracil, 0.2 mM N.D.2)
CG219/pSEY101 None N.D.
CG219/pSEY102 None N.D.

CG219/pGBIO None 3.03 + 0.063 30.3

CG219/pGBll None 0.10 + 0.02 1.0

3-AT2), 10 mM 0.31 + 0.02 3.1

Leucine, 2 mM 0.21 + 0.03 2.1

Leucine, 2 mM, plus
valine, isoleucine, 1 mM 0.08 + 0.02 0.8

1) See MATERIALS AND METHODS for description.
2) N.D. - not detectable; 3-AT - 3-amino-1,2,4-triazole.
3 Experimental error is given as standard deviation (n>,6).
4) Relative to the P-galactosidase level in CG219/pGBll cells grown with no

addition.

EcoRI and EcoRV. Among the fragments thus generated was one, 2.2 kb in

length, that contained the LEU3 promoter and LEU3 ORF sequence up to the EcoRV

site. This fragment was ligated to plasmids pSEY101 and pSEY102 (described in

MATERIALS AND METHODS), both of which had been digested with EcoRI and SmnaI.

This strategy forced the insertion of the 2.2 kb fragment to occur in the

proper orientation. The resulting new plasmids were designated pGB10 and

pGBll. That the fusion had occurred at the desired point (Figure 4B) was con-

firmed by diagnostic digestion with restriction enzymes HpaI and SalI (one

HpaI and one SalI site each are carried in by the LEU3 fragment), and by

nucleotide sequencing.

LEU3'-'lacZ EWression is Under General Control of Amino Acid Biosynthesis

P-Galactosidase activity was absent from yeast strains containing the

parent plasmids pSEY101 or pSEY102, but was present in strains containing the

LEU3'-'lacZ fusions (Table 2). This result demonstrates that a long ORF in-

deed exists in LEU3, at least to the EcoRV site. The strain carrying the 2 pm

DNA-containing plasmid pGBIO showed about 30 times as much P-galactosidase
activity as the strain carrying the CEN4-containing plasmid pGBll. This

probably reflects copy number differences. For the study of LEU3 regulation,

we concentrated on a strain carrying plasmid pGBll. Centromere-containing
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plasmids are known to be stably maintained in a copy number that is very close

to one (37, and S. Emr, personal communication). Extracts from strain

CG219/pGBll grown in minimal medium showed low but statistically significant

fusion enzyme levels (Table 2). When this strain was grown under two condi-

tions known to elicit a general control derepression signal, i.e., in the

presence of 3-amino-1,2,4-triazole (3-AT) or in the presence of excess

leucine, the P-galactosidase levels increased 3.1-fold and 2.1-fold, respec-

tively. Growing strain CG219/pGBll in the presence of leucine, isoleucine and

valine resulted in essentially unchanged P-galactosidase levels, compared to

cells grown with no additions. The histidine analog 3-AT acts by causing a

histidine deficiency (38). Leucine is one of several amino acids which, when

present by themselves at elevated concentrations, cause amino acid imbalance,
resulting in "derepression factors" of 1.2-2.0 (39). The leucine effect dis-

appears when isoleucine and valine are also present (39). It is evident from

the results shown in Table 2 that expression of the LEU3'-'lacZ fusion is in-

creased by general control stimuli to an extent typical for this system.

Qualitatively similar results were seen with a strain harboring the multicopy

plasmid pGBIO (data not shown). The conclusion that LEU3 is under general

amino acid control is corroborated by the presence of two 5'TGACTC3' boxes in

the promoter region of this gene. To our knowledge, this is the first known

example of general control being exerted on a regulatory, as opposed to a

structural gene, and thus of an intertwining of general and specific controls.

Stimulation of the production of a positive regulator by the general control

system might reinforce the overall upward trend of amino acid biosynthesis in

situations of amino acid imbalance. However, it is not clear at present

exactly where and how an increase in LEU3 expression would manifest itself.

It was observed previously that cells harboring multicopy LEU3-containing
plasmids exhibited elevated levels of LEU3 message, but did not show signifi-

cant changes in the levels of IPM isomerase or P-IPM dehydrogenase (2). It is

possible that other potential targets of LEU3 action (LEU4, ILV2, ILV5) are

more sensitive to changes in LEU3 expression. Also, the existence of addi-

tional controls of LEU3 expression cannot be excluded at this point. Experi-
ments to study these questions are underway.

ACKNOiLDGEMERS
This work was supported by research grant GM15102 from the National

Institutes of Health. This is Journal Paper No. 11151 of the Agricultural
Experiment Station, Purdue University.

5271



Nucleic Acids Research

'Present address: Max-Planck-Institut f;ir Immunbiologie, Stiibeweg 51, 7800 Freiburg-Zihringen,
FRG

REFERENCES
1. Baichwal, V.R., Cunningham, T.S., Gatzek, P.R., and Kohlhaw, G.B. (1983)

Curr. Genet. 7, 369-377.
2. Brisco, P.R.G., Cunningham, T.S., and Kohlhaw, G.B. (1987) Genetics 115,

91-99.
3. Martinez-Arias, A., Yost, H.J., and Casadaban, M.J. (1984) Nature 307,

740-742.
4. Hsu, Y.-P. and Schimmel, P.R. (1984) J. Biol. Chem. 259, 3714-3719.
5. Beltzer, J.P., Chang, L.L., Hinkkanen, A.E., and Kohlhaw, G.B. (1986) J.

Biol. Chem. 261, 5160-5167.
6. Falco, S.C., Dumas, K.S., and Livak, K.J. (1985) Nucl. Acids Res. 13,

4011-4027.
7. Litske Petersen, J.G. and Holmberg, S. (1986) Nucl. Acids Res. 14, 9631-

9651.
8. Casadaban, M.J., Martinez-Arias, A., Shapira, S.K., and Chou, J. (1983)

Methods Enzymol. 100, 293-308.
9. Messing, J. (1983) Methods Enzymol. 101, 20-78.

10. Emr, S.D., Vassarotti, A., Garrett, J., Geller, B.L., Takeda, M., and
Douglas, M.G. (1986) J. Cell Biol. 102, 523-533.

11. Maniatis, T., Fritsch, E.F., and Sambrook, J. (1983) In: Molecular
Cloning, A Laboratory Manual, Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

12. Beggs, J.D. (1978) Nature 275, 104-108.
13. Sanger, F., Nicklen, S., and Coulson, A.R. (1977) Proc. Natl. Acad. Sci.

USA 74, 5463-5467.
14. Henikoff, S. (1984) Gene 28, 351-359.
15. Miller, J.H. (1972) In: Experiments in Molecular Genetics, Cold Spring

Harbor Laboratory, Cold Spring Harbor, N.Y.
16. Bradford, M.M. (1976) Anal. Biochem. 72, 248-254.
17. Rose, M., Casadaban, M.J., and Botstein, D. (1981) Proc. Natl. Acad. Sci

USA 78, 2460-2464.
18. Bennetzen, J.L., and Hall, B.D. (1982) J. Biol. Chem. 257, 3026-3031.
19. Keegan, L., Gill, G., and Ptashne, M. (1986) Science 231, 699-704.
20. Baum, J.A., Geever, R., and Giles, N.H. (1987) Mol. Cell. Biol. 7, 1256-

1266.
21. Hartshorne, T.A., Blumberg, H., and Young, E.T. (1986) Nature 320, 283-

287.
22. Berg, J.M. (1986) Science 232, 485-487.
23. McDonnell, D.P., Mangelsdorf, D.J., Pike, J.W., Haussler, M.R., and

O'Malley, B.W. (1987) Science 235, 1214-1217.
24. VanLoon, A., DeGroot, R.J., DeHaan, M., Dekker, A., and Grivell, L.A.

(1984) EMBO J. 3, 1039-1043.
25. Geislor, N., Fischer, S., VandeKerckhove, J., Plessmann, U., and Weber,

K. (1984) EMBO J. 3, 2701-2706.
26. Jornvall, H., Akusjarvi, G., Alestr6m, P., Bahr-Lindstr8m, H.,

Pettersson, U., Appella, E., Fowler, A., and Philipson, L. (1981) J.
Biol. Chem. 256, 6181-6186.

27. Colberg-Poley, A.M., Voss, S.D., Chowdhyry, K., and Gruss, P. (1985)
Nature 314, 713-718.

28. Walker, J.M., Gooderham, K., Hastings, J., Mayes, E., and Johns, E.W.
(1980) FEBS Lett. 122, 264-270.

29. Dingwall, C., Dilworth, S.M., Black, S.J., Kearsey, S.E., Cox, L.S., and
Laskey, R.A. (1987) EMBO J. 6, 69-74.

5272



Nucleic Acids Research

30. Hahn, S., Hoar, E.T., and Guarente, L. (1985) Proc. Natl. Acad. Sci. USA
82, 8562-8566.

31. Hinnebusch, A.G. (1986) CRC Crit. Rev. Biochem. 21, 277-317.
32. Arndt, K. and Fink, G.R. (1986) Proc. Natl. Acad. Sci. USA 83, 8516-8520.
33. Hope, I.A. and Struhl, K. (1985) Cell 43, 177-188.
34. Zaret, K.S. and Sherman, F. (1982) Cell 28, 563-573.
35. Pikielny, C.W., Teem, J.L., and Rosbash, M. (1983) Cell 34, 395-403.
36. Langford, C.J. and Gallwitz, D. (1983) Cell 33, 519-527.
37. Gunge, N. (1983) Ann. Rev. Microbiol. 37, 253-276.
38. Wolfner, M., Yep, D., Messenguy, F., and Fink, G.R. (1975) J. Mol. Biol.

96, 273-290.
39. Niederberger, P., Miozzari, G., and HWtter, R. (1981) Mol. Cell. Biol. 1,

584-593.
40. Kammerer, B., Guyonvarch, A., and Hubert, J.C. (1984) J. Hol. Biol. 180,

239-250.
41. Messenguy, F., Dubois, E., and Descamps, F. (1986) Eur. J. Biochem. 157,

77-81.
42. Wray, L.V., Witte, M.M., Dickson, R.C., and Riley, M.I. (1987) Mol. Cell.

Biol . 7, 1111-1121.

5273


