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ABSTRACT.
The AROM locus of A.nidulans, which governs five consecutive steps in

pre-chorismate aromatic amino acid biosynthesis, has been cloned in a
bacteriophage vector. The nucleotide sequence of the locus reveals a single,
open reading-frame of 4,812 base-pairs, apparently without introns. An
internal segment of the A.nidulans AROM sequence has extensive homology with
the E.coli aroA gene that encodes the 5-enolpyruvylshikimate 3-phosphate
synthase.

INTRODUCTION

Pre-chorismate aromatic amino acid biosynthesis has been the subject

of intensive genetical and biochemical study in a variety of microorganisms.

The enzymes catalysing steps two to six in the pathway (see Fig 1, ref. 1)

have been shown to co-sediment within a number of genera (2, 3, 4). Genetic

analysis of the AROM locus in Neurospora crassa has indicated the presence

of a "cluster gene", containing five, distinct genetic units corresponding

to the five enzymatic functions (5). Biochemical analysis of the N.crassa

AROM-specified protein complex reveals a single, pentafunctional polypeptide

of 165 KDa which is active as a homodimer (6,7,8). A similar conclusion has

arisen from genetic studies in Schizosaccharomyces pombe, where a 4.5 kb

mRNA species has been shown to be specified by the aro-3 locus (9, 10).

These findings contrast with the situation in E.coli, where the corres-

ponding biosynthetic genes are unlinked (11).
The genes governing aromatic amino acid biosynthesis in several micro-

organisms are now being subjected to molecular analysis. A DNA fragment

containing the biosynthetic dehydroquinase function of the A.nidulans AROM

locus has been cloned (12) and sequenced (13). The entire aro loci from

S.cerevisiae (14) and S.pombe (10) and part of the N.crassa AROM locus (15)

have also been isolated by molecular cloning.
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These continuing studies should provide answers to a number of important

questions, including:-

(i) Is the AROM locus a single large gene, with or without introns,

or is it a cluster of five distinct genes?

(ii) What is the nature of the AROM-specified messenger RNA?

(iii) What are the evolutionary relationships between the unlinked

aro genes of E.coli and the eukaryotic AROM loci, and between

the biosynthetic and catabolic dehydroquinase iso- enzymes in

A . nidulans?

(iv) How many functional domains within the AROM-specified

polypeptide can be detected by molecular analysis and how do

they relate to the sequence of the AROM locus?

We have previously (13) addressed questions (ii) and (iii) for

A.nidulans. This communication describes the isolation and presents the

coding sequence of the complete AROM locus of that organism.

MATERIALS AND METHODS

Strains

A white spored, pyridoxine-requiring strain R153 (wA3; pyroA4) of

Aspergillus nidulans was used for the preparation of genomic DNA. The geno-

types of the bacterial strains used are shown in Table 1 of reference 16.

Media

Defined minimal medium and provision of nutritional supplements for

auxotrophic strains of A.nidulans were those previously described (16).

Media for liquid culture contained the wetting agent Tween 80 (diluted 10-5

v/v) and MgSO4 and carbon source (glucose) added aseptically after

sterilization. Bacterial minimal medium and provision of nutritional

supplements were as previously described (17,18).
Growth of mycelium

Conditions for the growth of mycelium were those previously described

(19).
DNA preparation

A.nidulans chromosomal DNA was prepared from freshly grown mycelium

rapidly frozen in liquid nitrogen. Frozen mycelium was powdered in a Waring

Blender, resuspended in 10 mM Tris-HCl pH 8.1, 1 mM EDTA, 4% (w/v) SDS, 25%
sucrose at 20 ml g-1, shaken with an equal volume of phenol, chloroform,

isoamylalcohol (PCA; 48:48:4 v/v) and centrifuged to remove debris. The

resulting supernatant was made 1 M in potassium acetate, the precipitate
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removed by centrifugation, the procedure repeated twice, and the nucleic

acids in the supernatant precipitated by the addition of 2 volumes of cold

ethanol. The precipitated nucleic acids were resuspended in TE (10 mM

Tris-HCl pH 8.1, 1 mM EDTA) and further purified by buoyant density centri-

fugation in CsCl. DNA prepared in this manner was free of RNA contamination

and was greater than 50 Kb in length. Plasmid DNA was prepared by a scaled-

up version of the method of Birnboim and Doly (20).

The vector ADB286 (21) was propagated by heat-induction of a lysogenic

bacterial strain, precipitated by polyethylene glycol and purified on a CsCl

block-gradient as previously described (22). Vector DNA was prepared from

the phage particles by treatment with RNAse and pronase followed by phenol-

extraction. Recombinant phages derived from ADB286 were grown by the method

of Blattner et al (23) using E.coli strain C600 as the host.

Construction of a gene-bank

The 'freeze thaw' and 'sonicated' extracts for in vitro A packaging
were prepared by the method of Scalenghe et al. (24) and found to have an

efficiency of packaging of 1.5-3.0x108 pfu j.g-1 with AcI857 control DNA.

Gene-banks were prepared following standard protocols (22), using 0.5 pg
of ADB286 'arms' and a 3-fold molar excess of fungal DNA in the packaging

reaction. The ADB286 vector 'arms' were purified from potassium acetate

gradients following digestion with endonucleases BamHI and SalI. A.nidulans
DNA fragments in the size range 8-16 Kb were prepared from sucrose gradients

as previously described (22) following partial digestion with endonuclease

Sau3A.

DNA probes.

DNA fragments and plasmid DNAs were labelled with a-32P-dATP as

previously described (25).

Purification of DNA fragments

DNA fragments produced by endonuclease action were purified using

DE-81 paper as previously described (26), following separation by gel

electrophoresis.

Southern blotting and plaque-hybridisation
DNA fragments separated by gel electrophoresis and DNA from A phage

particles were transferred to nitrocellulose, denatured and fixed by stan-

dard methods (27, 28). Filters were screened with specific radioactive DNA

probes using the method of Jeffreys et al. (29).
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E.coli transformation

E.coli strains were transformed using the method of Kushner (30) with

modifications as previously described (18).

Construction of recombinant plasmids

Plasmids were subjected to a ten-fold over-digestion with the appro-

priate endonuclease in the presence of calf intestinal phosphatase (0.5

units .pg-1). Digested plasmid DNA (20 ng) was mixed with a three-fold molar

excess of fungal DNA in a buffer containing 50 mM Tris- HCl pH 7.5, 10 nM

MgC12, 1 mM rATP, 1 mM DTT in a volume of 10-30 p4. Parallel reactions

containing half and double the proposed amount of fungal DNA (to allow for

errors in DNA estimations from ethidium bromide-stained fragments in

agarose), and no fungal DNA (to check the effectiveness of the phosphatase

treatment) were set up and included in the bacterial transformations.

Plasmid and M13 RF DNA purification

The methods used for preparing M13 RF DNA and plasmid DNA have been

detailed previously (13).

DNA sequencing

The DNA sequencing methods using 35S-dATP, dideoxynucleoside tri-

phosphates, and buffer-gradient gels have been previously described (31,32).

Synthesis of specific oligonucleotides

Oligodeoxyribonucleotides were made by the method of Matthes et al.

(33) with modifications to the wash-cycle as described by Sproat and Gait

(34).
Sources of material

Restriction endonucleases, DNA polymerase I, nuclease-free sucrose,

ultra pure urea and SDS were from BRL Ltd. (Gibco) or NBL Ltd; T4 DNA

ligase, calf intestinal phosphatase, large fragment DNA polymerase were from

BCL Ltd. or Pharmacia Ltd.; Fujimax X-Ray film was from Hannimex U.K. Ltd.;

Nitrocellulose was from Sartorius; DE81 paper was from Whatman, BBL-

trypticase powder was from BBL Microbiology Systems; Agar was from Difco

Laboratories; Agarose was from Miles Ltd.; Tryptone, peptone, and yeast ext-

ract powder were from Oxoid Ltd.; Salmon sperm DNA; polyvinyl pyrollidone,

bovine serum albumin, ficoll 400, polyethylene glycol 6000, dithiothreitol,

ampicillin, tetracycline, chloramphenicol, nucleoside triphosphates and

dideoxynucleoside triphosphates were from Sigma Ltd., 35S-dATP, and a32PdCTP
were from Amersham, chemicals for oligonucleotide synthesis were from

Cruachem Chemical Co.; all other reagents were of Analar or greater purity.

2204



Nucleic Acids Research

RESULTS AND DISCUSSION

Cloning the AROM locus

The biosynthetic dehydroquinase function of the AROM locus of

A.nidulans is located on a 1.9 Kb HindIII fragment, previously cloned on

plasmid pHK 29 (12). The isolated HindIII fragment was used as a DNA probe

to locate AROM-containing recombinant phages in a gene-bank of A.nidulans

DNA cloned in the vector ADB286.

Approximately 105 recombinant phage, identified by their Spi-

phenotype on P2 lysogenic strain Q359, were plated on the recB, C E.coli

strain ED8910 on ten 9 cm plates. The phages were transferred to nitro-

cellulose, the DNAs were denatured and screened for the presence of AROM

sequences using the 32P-labelled 1.9 Kb HindIII fragment as probe.

Positively hybridising phages were plaque-purified through several cycles,

checked for purity, propagated in bulk and their DNAs subjected to restric-

tion enzyme mapping. Ten AROM-positive isolates analysed contained

approximately 19 Kb of unique A.nidulans DNA. The physical maps of two such

isolates, AARH 3.1 and XARH 8.1, which cover the entire region, are shown in

Figure 1 together with the position of the 1.9 Kb HindIII fragment used as

probe.

DNA sequence of the AROM locus.

The nucleotide sequence of the 1.9 Kb HindIII fragment that contains

the coding sequence for the biosynthetic dehydroquinase function has been

determined (13), allowing us to deduce its reading-frame and the orientation

of the AROM locus. Assuming similarity with the structure of the AROM locus

of N.crassa, where the sequence encoding the dehydroquinase function has

been localised to the 3'-end of the locus (8), we concentrated our search

for the AROM locus of A.nidulans to the region extending from 1 Kb to the

right to 5 Kb to the left of the 1.9 Kb HindIII fragment. To facilitate the

determination of the entire AROM DNA sequence, appropriate restriction

endonuclease-generated fragments were subcloned into the RF form of the DNA

sequencing vectors M13mp8 and 9 (35). Fragments were inserted in both

orientations and sequences determined from both ends using universal primer.

Gaps in the sequence were filled by using synthetic oligonucleotides as

specific primers to extend and overlap the sequences on both strands. The

overall sequencing strategy is summarized in Fig. 1.

Analysis of 6.5 Kb of unique sequence revealed a single, open reading-

frame of 4,812 bp in the same orientation and phase as previously determined

for that encoding the dehydroquinase function (13). This open reading-frame
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Figure 1. Restriction enzyme map of the cloned AROM DNA. The positions of
the cloned DNAs within two recombinant phages, AARH3.1 and AARH8.1, are
shown above the restriction map derived using the endonucleases BamHI (B),
EcoRI (E) and HindIII (H). The 1.9 Kb HindIII fragment used as probe,
previously cloned in plasmid pHK29, is indicated. A section of 7 Kb illus-
trated at a relative scale expansion of two is shown with the recognition
sites for XhoI (X) and PstI (P) included. The arrows beneath this section
show the direction and extent of sequencing reactions using universal primer
(restriction sites) or specific oligonucleotide primers (oligonucleotides).

begins 217 b.p. downstream from the leftward XhoI site, incorporates the

previously determined sequence (13) and extends it rightwards for a further

388 b.p. The sequence of the open reading- frame is shown in Fig. 2 with

the deduced amino acid sequence. The inferred molecular weight of the AROM-

polypeptide encoded by this open reading-frame is 175,101, which is in close

agreement (6%) with that of 165,000 for the arom polypeptide of N.crassa

measured by its mobility in SDS-polyacrylamide gels (8).

The observation that the AROM locus has a single open reading-frame of

a size that is in close agreement with that required to specify the multi-

functional polypeptide product suggests that the AROM locus contains a

single structural gene lacking introns. This conclusion is supported by the

finding that segments of the AROM locus can be expressed in E.coli to

provide the biosynthetic activities missing in aroD or aroA mutants of the

bacterium (12 and Hawkins, unpublished). Other structural genes of

A.nidulans have been shown to contain introns (36,37), which are flanked by

the eukaryotic consensus boundary sequences. Inspection of the A.nidulans

AROM sequence does not reveal any likely intron sequences. Together these

findings strongly suggest the absence of introns in the A.nidulans AROM
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10 20 30 40 50 60 70 80 90 100 110 120
ATGTCGAACCC TACAAAAATCAGCATCCTTGGCCGGGAAAGCATCATCGC TGATTTCGGGC r TTGCGAAAC TATGTGCCTAAAGACCTGATCAGTGACTGTCCrcTCTACCACCTACG TC
M*tSerA*nProThrLy I leSvrI I.L uOlyArwGluSerI1e1 leAlaAepPh.GlyL.uTrpArgAanTyrValAlaLysAspLul IoSerAapCysSrSe.r7hrThrTyrVa1

130 140 150 160 170 180 190 200 210 220 230 240
CTTG1ICACTGATACGAATATCGGAI CGATCTACACCCCCAGCTTTGAAGAAGCT T17TCGAAAACGI GCCGCCGAGAT TACTCCCTCCCCACGCCTCCTTA11TA1AATCGTCCCCCCGGA
L.uVa1ThrAspThrAsnI leGIySerl1lTyrThrPrIoSrPhGluGluAIaPh.ArgLy.ArgAIaAIaGIuI IsThrProSerProArgL.uLeuIlTyrAsnArgProProGly

250 260 270 280 290 300 310 320 330 340 350 360
GAAGTTTCCAAGTCCCGACAGACGAAGCCGCATAT TGAGGATTGGATGTTGAGTCAGAACCCTCCATGTGCCGCGACCACCGT TGTAATTGCArTTGGGTGGAGGAGTCATCGGAGATCTG
Gl uVaI SorLy*S*rArgGI nThrLyeAlaA*^pl l*GIuA*pTrpM*tL*uSerGI nAsnProProCyaGl1yAryAspThrVa1Va l ll A IaLeuGl1yGlyGlyVa 1 1leGlyAspLou

370 360 390 400 410 420 430 440 450 460 470 480
ACAGGAT TCGTCGCTTCCACCTACAYGCGCGGTGTCCGT TATGTGCAGGTTCCCACTACTCT TC1IGGCCATGGT AGATTCATCGATCGGCGGGAAAACYGCCATCGACAC TCCGCTGGGI
ThrGlyPheVa&IAIaSrThrTyrNetArgGIyValArgTyrVaIGInValProThrThrL.uLeuAlahM.tVaIA,pS.rSerI IeGIyGlyLysThrAlaI leAepThrProL.uGIy

490 50 510 520 530 540 550 560 570 560 590 600
AAGAACCTGATCGCGCCAATCTGGCAACCGACGAAAATCTACAT TGACCTTGAGTTCTTGGAGACGCTGCCGGTGAGAGAGTTCATCAATGGTATGGCAGAGGTCATCAAGACGGCAGCA
LysAanL*ull1 GlyAlall1 TrpGI nProThrLyol11*Tyr IloAspL*uGluPh*L&uGluThrL*uProVa1 ArgGluPh IlleAenGlyM*tAl1aGI uVal111eLy*ThrA1aA1 a

610 620 630 640 650 660 670 680 690 700 710 720
A1 CTCTAGCGAAGAAGAGT TTACAGCTTTAGAAGAGAACGCGGAGACAATCT TGAAGGCGGI CCGTCGCGAGGTiCACGCCAGGAGAACATCGCTT TGAGGGCACAGAAGAGAT TCTGAAG
I ISerSer1uGluGluPh*ThrAlaLeuGluGluA.nAlaGluThrl leLeuLysAlaValArgArgGluVaIThrProGlyGluNisArgPh.GluGlyThrGluGlul l*LLuLys

730 740 750 760 770 780 790 Soo 810 820 830 840
GCCCCGAATTCTGGCATCTGCGCGGCACAAGCGCTATGTTGTCTC CAGCAGACGAACGTGAGGGGGG TCTCCGGAACCT TTTGAACTGGGGTCACTCTAT TGGCCATGCCATTGAAGCCAT T
AlaArglIoL*uAlaS*rAlaArgHtsLyAlaTyrV lValSorAlaAspGlt ArgGluGlyGlyL*uArgAenL*uL*uA*nTrpGlyHisSer IeGlyNi AlallIGluAlalle

850 860 870 880 890 900 910 920 930 940 950 960
CTGACGCCGCAAAT TCTCCACGGAGAGTGTGTCGCAATCGGCATGGTGAAGGAAGCAGAAC TGGCCCGTCATCTCGGTATCCTGAAGGGCGTTGCAGTCTCCCGCATTGTCAAAT GTCTC
LeuThrProGInIleLeuHisGlyGluCysVaIAIaI IeOGlytValLyaGluAlaGluL.uAlaArgHieL.uGlyl l1L.uLyaGlyValAlaValSerArgl lValLysCy.L*u

970 960 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
GCTGCTTACGGACTGCCCACC TCGCTGAAGGACGCTCGCATCCGGAAAT TGACCGCCGGCAAGCAC TGCTCGGTCGACCAGT TGATGTTTAACATGGCTCTTGACAAGAAGAACGA TGGT
A1 aAl1aTyrGlIyL*uProThrS*rL*uLyeAspAl aArgl 1 ArgLy*LeuThrAl aG1 yLy*Hi *CyaS rVal1AspGI1nLouM tPh*Asn"etA1aL*uA*pLy*Ly*AsnA$pG 1y

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
(CCCAAGAAGAAAAT TG7CCTCCTTTCCGCCATTGGAACTCCATATGAGACCCGCGCCAGCGT TG1ITGCCAATGAGGATAYTCTGCGTGGTCCT TGCTCCCAGCATI GAGGTACACCCAGG7
ProLy.LysLys I1eVaIL.uLeuSerAIaI leGlyThrProTyrGluThrArgAlaS.rVaIValAlaAnCGluAspI l*ArgVaIVaILeuAlaProSerl l*CluValHisProGly

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
CGtTTGCACACTCCTCGAATGTCATCTGTGCACCTCC TGGATCCA^AAATATTTCGAACCGGGCCT TGGTCTTGCCGCCCCTCGGCTCAGGTAC TTGCCGCCATCAAAAACCTGCTGCACTCC
VaA1laHisS.rS.rAanValIl1CysAlaProProGlyS.rLysS.rl eSerAsnArgAlaLouValL.uAlaA1aLuG6lyS.rG1yThrCysArgleLysAsnLeuLeuHisSer

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
GATGATACAGAAGG ATGCT AAATGiCCCTGG^AAAGGCTTGGTGC TGCGACCTTTTCCTGGGAAGAGGAAGGTGAAGTTCTGGTGGTGAACGGGAAAGGGGGAAATCTACAAGCATC TTCC
A*pA*pThrGlIuVa lMoetL#uA*nAlIaLouGluAr9L*uGlIyAl aAlIaThrPheS*rT rpGluG CluGI lyCGluV I L*uValIValIAsnGl1yLyoGl1yGl1yA*nL*uG InAl aS*rS- r

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
TCGCCATTG acTACCTGAAACGC tGGTACAGCT TCCCGATTCCTCACAACCGTCGCTACCCT TGCCAACTCAAGCAC TGTTGAT TCCAGCGTCCTTACTGGTAATAACCGCATGAAGCAA
SerProLeuTyrLuGlIyAsnAIaGlyThrAlaS rArgPheLeuThr1hrVaA1laThrI..uAlaAanSerS.rThrValAspS.rS.rValLeuThrGlyAsnAsnArgN.tLyaG1n

15to 15i0 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
CGTCCTATTGGGGACTTfG1GATGCATTGACCGCCAACGTCC1 TCCATTGAATACGTCGAAAGGACGGGCCAGTTTGCCTCTCAAGATCGC1GCTTCGGGCG6ATT7GCCGGAGGGAAC
ArgProl l*GlyAspL.uVaIAspAlaL*uThrAIaAsnVaIL.uProLeuAsnThrS*rLy.GIyArgAlaSerL.uProL.uLysI I.AlaAlaSerGlyGlyPh.AlaGIyGlyAsn

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
ATCAACCTGGCCGCCAAAGTGTCGTCGCAGTACGCtCTCTTCAC TGCTCATGTGTGCCTCCTTACGCCAAGGAACCTGTCAC TC TGAGGT TGGTCGGCGGGAAGCCTATCTCCCAACCGTAC
I 1lAanL.uAl aAILy.Va1S.rS.rGlnTyrVaI SerS.rL.uL.uN.tCysAlaProTyrAlaLyaG1uProValThrI.euArgLouVa1G1yG1yLyaProl lSorGInProTyr

1810 1820 1830 1640 1890 1860 1870 1880 1890 1900 1910 1920
A7TGATATGACAACGGCAATGATGCG1 TCGTTTGGCATTGATGTACAAAAGTCGACAACCGAA6AGCACACCTACCACATTCCCCA6GGCCGT1 ACGI GAACCCTGCGGAATACGTTA1C
I 1*AsphtThrThrAIlaMtNetArgS.rPh.Gly IIAepVaIGInLysS.rThrThrGluGIuHitsThrTyrHie* I*ProGlnClyArgTyrVaIAsnProAlaGIutyrVal 1.

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

GAAAGTGACGCCAGCTGTGCCACTTACCCACPTCGCCGTTGCAGCCGTCACTGGCACTACCTGCACCGtTCCCAACATTTGCTCGGCTTCGCTGCAAGGAGATGCtCGTTTCGCTGTCGAG
G1uS rA*pAIaS*rCy&A IaThrTyrProL*uAlaVa1AlaA1aVaI ThrGlyThr ThrCy ThrVaIProA*nllIeGlySerA 1aSerLouGI1nGl1yA*pAl1aArgPh*Al1aVa 1GIu
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2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
GTTTTGAGGCC TATGGGGTGTACTGTGGAGCAGACTGAAACTTCTACTACTGTTACTGGACCGTCGGACGGCATCTTACGGGCCACT TCCAAACGTGGATATGGAACCAATGACCGA TGCVaIL*uArgProMletGIyCysThrVaIGIuGInThrGluThrSerThrthrVaIThrGlyProS.rApG IylleLouArgAlaThrSerLysArgGlyTyrGlyThrAsnAgpArgCys

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
GTTCC TCGGTGCT TCCGTAC TGGCAGCCAT CGCCCGATrGGAA^AAGAGTCAAACCACACCACCCGTATAArrGcCGTATTGCCAACCAGCG [GTCAAAGAATGCAACCGCA TT^AAGCCCATG
ValProArgCy.PheArgThrGIySerHi *ArgProMetGluLysSerGInThrThrProProValSerSerGlyl leAlaAsnG1nArgValLys6luCysASnArgl1eLySA1.aMt

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
AAGGATGAGCTTGCCAAGTTTGGAGTTATCTGCCGCGAGCACGACGACGGTCTCGAGATTGACGGTATTGACCGCTRCAAACCTGCGCCAGCCCGT TGGCGGTGTT TTCTGC'TA'TGA'TGAT
LysAspGluL.uAlaLysPh.GlyVal I I*Cy*ArgGluHi.AspAspGlyL.uGIuI leAspGlyl IeAepArgSerAsnL.uArgGlnProVaIGlyGIyValPh CysTyrAspAsp

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
CACCGAGT TGCAT TCAGCTTrTAGTGTACTrcrcTrcTCGTGACACCCCAGCCGCACACT TATrTCTCGAAAAGGAATCGTGTTGGGAAGACATGGCCCCGGCTGGTGGGATrACCCTCCGTCAGCTA
HisArgVaIA1aPhoSsrPheSerVa1LouSerLeuValThrProGinProThrL.uJ l1LeuGluLysGluCysValGlyLyaThrTrpProGlyTrpTrpAapThrL.uArgGliL.u

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
XTCAAGGI GAAGCtITGAGGGCAAGGAAT TAGAAGAAGAGCC'TGTGGCTGCCAGCGGGCCCGATCGCGG TAACGCTTCAATT TACAT TATTGGCATGCGTGGTGCTGGAAAGTCGACAGC T
PheLysValLysLeuGluGlyLysGluLouGluGluGluProVaIAlaAlaS.rGlyProAspArgOlyAsnAlaS.rIleTyrl lelleGlyMetArgGlyAlaGlyLysSerThrAla

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
GGCAACTCCCGTTrTCTAAGGC TCTCAACCGGCCA TTCGT TGA T TTGGATACAGAGCCTTGAGACTCGTTGAGGGCATGAC TAT TCCGGACATCATCAAGACCCGCGGTTGGCAAGGCTTTAGA
GlyAsnTrpValSerLysAlaLeuAsnArgProPheValAspL.uAspThrGluL.uGluThrValGluGlyeqtThrl lProAspl 1.1 1eLysThrArg6lyTrpGlnGlyPh.Arg

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
AATGCGGAGCTGGAAATCCTGAAACGTACC TTGAAGGAACGCTCGAGAGGATACGTTTT TGCTTGTGGTGGCGG'TGTAGTTGAGATGCCTGAAGCTCGGAAATTGCTGACTGAC TACCAT
AsnAlaGIuLeuGluI I LuLy*ArgThrL*uLysGIuArgS rArgGlyTyrVaIPh*AI CysGlyClyGlyValVaIGIuM tProGIuAlaArgLy$L*uL*uThrA$pTyrHis

2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
AAGACCAAGGCCAACGTTCTGCCTCCTCATGCGTGACA TCAAGAAGAT TATOGAC T TTTTGTCAATCGACAAGTCCCCGTCCTGC TTACGTCGAGGATATGATGCCCCGTCGTGGCTTCGACGG
LyslhrLy*GlyAanVsIL.uLeuLtuM4tArgAspI leLysLyI leM.tAspPhsLeuSerI 1eAspLysSerArgProA1aTyrValG1uAsptHetMtG6lyVa1TrpLeuArgArg

3010 3020 3030 :3040 3050 3060 3070 3080 3090 3100 3110 3120
AAGCCATGGT TCCAGGAATGCAGTAATAT TCAATAT TACAGCCGAGATGCTTC1ICCCAGTGGGC'TGGCTCGCGCGTCCGAGGAC TTTAACCGGTTCCTGCAGGTAGC'TACCGGGCAGAT'T
LysProTrpPhGOInGluCysS.rAsnl leGlnTyrTyrSerArgAspAIaS.rProS.rGlyL.uAIaArgAlaSerGluAspPheAsnArgPh.L.uGInValAIaThrGlyIynI 1e

3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
GACAGCCTCAG TATTATCAAGGAGAAAGAGCAC TCT TTC TTTGCGTCGCTGAC TCTACCGGATCTGCGTGAAGCTGCGCACATCCTCGAGGAAGTCTGTGTCCCATC TGACCCTCGTGGAG
AspSerL.uSrl1I1leLyaGluLysGluHi*SerPh.PheAIaS.rL.uThrLeuProAspLtuArgGluAlaGlyAspl 1.LuGluGluValCyeValGlyS.rAspAlaValGlu

3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360
CTACGGGTCGATCTTCT TAAGGATCCCGCCTCGAACAACGACATTCCGTCTGT TGACTATGTCGTAGAGCAGCTCTCTT TTCTGCGAAGTCGTGTCACACTCCCTATCATCTTCACCATC
L.uArgValAspLeuL*uLysAspProAlaS.rAsnA.nAspl 1 ProSerVa1A.pTyrValVa1GluGInL.uS.rPheLouArgSerArgVal ThrLeuProI l. lelPh.ThrI 1.

3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480
CG TACCCAGAGCCCAGGGCCGGTCG T TTCCCCGATAACGCCCACGACGCTGCGCTTGGAGCTCGTACCGTCT TGCATTCAGC TCCCCCGTGTGAATTTGTCGATCTCGATATCGCCTTTCCCTGAA
ArgThrG1nSerGInG1yGlyArgPheProAspA*nA1aHi AspAl aA1aLouGluL*uTyrArgLeuAlaPheArgSerGl yCysGluPh*Va1AspluAsplIeAlaPheProGIu

3490 3500 3510 3520 3530 3540 3550 3560 3S10 3S80 3590 3600
GACATGCTGCGGGCCGT TACAGAGAYGAAGGGCT TCTCTAAGATCATTGCGTCGC;ACCACGACCCCAAGGGCGAGCTTTCTTGGGCCAACATGTCCTGGATCAAGTTCTACTA/ATAGCG
AspMetL.uArgAlaVaIThrGluM.tLysGlyPh.S.rLysl 1.1 l AIaS.rHi*HisAspProLysGlyGluLeuS.rTrpAlaAsnM.tS.rTrpl I*LysPh.TyrA.nLy*Ala

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720
CT TGAATATGGTGACAT TATCAAAC TTGTGGGTGTTGCACGAAACATCGACGACAACACAGCCC TGCCGAAGT TCAAGAACTGGGCCTGCTGAAGCTCACGATGTCCCTC TCATCCCCATA
LeuGluTyrOlyAsplI e11 .LysL*uVaIGlyVa1AlaArgAsnI leAspAspAsnThrAlaL.uArgLysPh.LysA.nTrpAlaAlaGluAlaHi*AspValProL.uIleAIal l

3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840
AACATGGGTGACCAGGGGCAGCTGAGCCGCATCCTCAACGGCTTCATGACACCCGTGTCTCACCCTAGCTTGCCATTCAAGGCAGCTCCCGGCCAACTCTCCGCAACCGAGATCCGCAAG
AsriMNtGIyAspGlnGIyGInLeuSerArg IuLeuAsnlyPheeMtThrProVaISerHisProS.rL*uProPheLysAIaAlaProGlyGInL.uS.rAlaThrGClu I.ArgLys

3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960
GGCCTGTCTCTCATGGGCTGAAATCAAGCCCAAGAAGTTCGCCATCTTCGGCAGTCCCATATCCCAA TCCGCCTCCCCAGCTCTCCACAACACCC TATTTGCCCAGGTCGGCCTCCCCCATA
GlyLeuS.rLeuN.tlyGlu 1 .LysProLy.LysPh.Ala 1 PheGlySerProII*SerGInS.rAlaProGInL.uS.rThrThrProTyrL.uProArgS.rAIaSerPro 1le

3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080

ACTACACCCGCCTGGAGACTACGAACGCCCAAGATGTGCAGGAGTTCATCCGCTCTSCCTGACTTCGGCGGCGCCTTCCGTAACAATTCGhTCAAGCTCGACASTCATGCCCCTTCTCGACG
Thr ThrProAlIaTrpArgLeuArgThrProLysCh tCy*ArgSerSe rSerA IaL*uL*uThrSerA IaAlIaProSe rValIThrlIlI ArgSerS*rS rThrS rCyaProPh*S*rThr
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4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
AAGTTSCCGsCGGssAACCAATCATCGGAGCTGTrAACAAA^TCArTcTCCCTGCGACTGCcAAGAACACTCCArCAcGCCTACGTCGGCtCGAACACCGACTGCcAGGGAATGATTCrG
Lyd*uProArgLy*ProArg S*rGIuL*uL*uThrGl nSerlhoProCysArgLe IAlaArg hrLeuNitHIA aTyrVaIGIyArgAunThrA*pT rpGInG yMtil Leu

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320
tCCCTRCCGCAAAGCGGGAGT[CTACGGACCCAAGAGAAAGGA1 CA^AGACAGTCI GCCCTrCGTCGTCGGCGGCGGcGGCACGGCCCGTrGCAGCCAXCTACGCCCTGCACAACA [GGGCT[AC
S.rLouArgLysAIaGlyValTyrGIyPraLysArgLyAspGInGluGInSerAlaLeuVaIValGIyGlyGlyGlyThrAlaArgAlaAlaI I.TyrAIaLouHi.*A.n14tGlyTyr

4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440
TCTCCCATCTACATCGTTGGCGCcsACsCCCTCTAAGCTGGAAAACATGGTCTC'rTrTCTTCCCAGCAGCT'ACAACATCCGCAsCGTGcAGAGCsCCTTCAAGCTTCGAGTCCGTrCCCSAC
S. Pro1 Tyri aVaIGlyArgThrProS*rLyoLouGluAsnStValSerS*rPhProSerS rTyrA*nlIeArgllIVaIGluS rProSerSrPhoGluS rVaIProHis

4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560
GTCGCGATTGG'TACAATCCCCGCCGA'TCAACCAATTGACCCGAC TATGCGTGAGACACTGTGCCACATRG'TTCGAGCGCGCGCAGGAGGCAGACGCTGAAGC TGTGAAGGCCATTGAGCA'T
ValAlall*GlyThrlleProAlaA.pGlnProlleAspProThrM.tArgGluThrLeuCysHi.NtPheGluArgAlaGInGluAlaAepAlaGluAlaValLyaAlal lGluHi4s

4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680
GCGCCGCGCTATCCrGCTTGAGATGCGCTACAAGCCTCAGGTGACCGCACTGATGAGGCTGCGCTCTGATTCAGGCTGGAAGACTAT TCCTGGTTTGGAGGTGCTAGTTGGTCAAGGGTGG
AlaProArgl l.L*uLeuGlulitAlaTyrLysProGlnValThrAlaL.uM.tArgL.uAlaSerAspS.rGlyTrpLySThrI leProGlyL.uGIuValLeuVaGIyGlyInGlyTrp

4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800
1 ATCAGGTTTGTTTCCTIGCTTCAATCATACTbCAZTTGCATGCGAGCTAACTGAACGTA^GlTTAAATACTGGACTGGGATCTCGCCGCTAT ATGAGAGTGCCAGGGCATGT AGCTCCCCCC
TyrGInVaICysPh.L.uAlaS.rIl lel*L ueAu1AaCyaGluLeuThrGluArgS.rLeuA.nThrGlyL.uGIyS.rArgArgTyrN.tArgValProGlyHi *VaAllaProPro

4810
TCATTTAACTAA
SerPheA.r,***

Figure 2. The nucleotide sequence of the protein-coding region of the AROM
locus. The DNA strand shown has the same orientation as the messenger RNA,
and the deduced amino acid sequence is translated from a single open
reading-frame.

locus, although the possibility of small, in-phase introns containing no

translation-termination codons cannot be excluded.

Codon-usage in the AROM sequence.

The amino acid composition of the AROM-specified protein, together

with the corresponding codon-usage, are shown in Table 1. The marked bias

in codon-utilisation is evident, with strong preference for G or C and the

diminution of A in the third position. The overall G + C content of the

AROM coding sequence is 54%, compared with a value of 53% for A.nidulans DNA

(38). A similar bias in codon-usage has been observed for other genes in

A.nidulans, including PGK ( 40) and QutE (J41).

Evolutionary relationships with E.coli aro genes and implications for domain

structure within the AROM polypeptide.

It has previously been reported that the sequences encoding the two

dehydroquinase iso-enzymes of A.nidulans, the biosynthetic enzyme specified

within the AROM locus and the catabolic dehydroquinase determined by the

quinic acid-utilisation (Qut) gene-cluster, show no sequence homology,

strongly suggesting convergent evolutionary pathways (13). It is therefore

of interest to determine whether there is any sequence homology between the
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Table 1. Codon-usage within the AROM messenger RNA of A.nidulans.

U C A G
------------------------------------------

U : PHE 18 : SER 26 : TYR 13 : CYS 13 : U
: PHE 31 : SER 29 : TYR 27 : CYS 14 : C
: LEU 5 : SER 17 : TER 1 : TER 0 : A
: LEU 25 : SER 27 : TER 0 : TRP 19 : G

C :LEU 28 : PR0 23: HIS 8 : ARG 27: U
LEU 34 : PRO 36 HIS 21 : ARG 29 C
LEU 8 : PRO 14 GLN 16 : ARG 13 A
LEU 47 : PRO 18 GLN 25 : ARG 17 G

------------------------------------------

A : ILE 45 : THR 32 : ASN 14 : SER 14 : U
: ILE 56 : THR 29 : ASN 42 : SER 23 : C
: ILE 4 : THR 29 : LYS 21 : ARG 8 : A
: MET 39 : THR 12 : LYS 61 : ARG 7 : G

G VAL 35 ALA 45 : ASP 35 : GLY 31 U
VAI, 39 ALA 49 : ASP 37 : GLY 44 C
VAL 11 ALA 26 : GLU 44 : GLY 29 A
VAL 24 ALA 20 : GLU 53 : GLY 17 G

A.nidulans AROM locus and the corresponding aro genes of E.coli. The

sequence of the E.coli aroA gene, encoding the 5-enolpyruvylshikimate 3-

phosphate (EPSP) synthase, is available (39) and this was compared with the

A.nidulans AROM sequence using a conventional dot-matrix programme at 70%

stringency. This matrix showed distinct homology between the two sequences

from nucleotide 1005 to 2361 in the AROM sequence. The inferred amino acid

sequence from the appropriate section of AROM DNA is shown in Fig. 3, alig-

ned with the amino acid sequence of the E.coli aroA gene. The relatedness

of the two sequences is evident: overall there is 36% homology, though this

is considerably higher in discrete regions (v. residues 511 to 530). In

addition, there are many examples of conservative amino acid substitutions.

The clear homology between the A.nidulans AROM sequence and the E.coli

aroA gene has implications concerning the evolution of the complex locus and

the domain structure of the AROM polypeptide. The data suggest that an

ancestral EPSP synthase gene has been fused into a complex gene encoding a

multifunctional polypeptide in A.nidulans. Alternatively, though less

likely, an ancestral, multifunctional locus or group of clustered genes has

become dispersed in E.coli. This observation suggests the likelihood that

homology will be found between other E.coli aro genes and corresponding

regions of the A.nidulans AROM locus.

The homology between AROM and the E.coli aroA gene locates the

sequence encoding the EPSP synthase function within the overall AROM locus

sequence. Overlapping sections of A.nidulans DNA containing this region of
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392 APSIEVHPGVAHSSNVICAPPGSKSISNRALVLAALGSGTCRIKNLLHSDDTEVMILNALE

1 NESLTLQP IARVDGTI NLPGSKTVSNRALLLAALAHGKTVLTNLLDSDDVRHMLNALT

452 RLGAATFSWEEEGEVLVVNGKGGNLQASSS PLYLGNAGTASRFLTTVATLANSSTVDSS

59 ALGVS YTLSADRTRCEIIGNGGPLHAEGALELFLGNAGTANRPLAAALCLGSDD I

511 VLTGNNRMKQRPIGDLVDALTANVLPLNTSKGRASLP LKIAASGGFAGGNINLAAKVSS

114 VLTGEPRNKERPIGHLVDALRLGGAKI TYLEQENYPPLRLQ GGFTGGNVDVDGSVSS

570 QYVSSLLMCAPYAKEPVTLRVLGGKPISQPYIDMITTANNRSFGIDVQKSTTEEHTYHIPQ

171 QFLTAL*LMTAPLAPEDTVIRIKGDL VSKPYIDITLNLNKTFGVEIENQHYQQ FVVKG

630 GR YVNPAEYVIESDASCATYPLAVAAVTGTTCTVPNIGSASLQGDARFAVEVLRPMGCT

228 GQSYQSPGTYLVEGDASSASYFLAAAAIKGGTVKVTGIGRNSMQGDIRFA NVLEKNGAT

689 VE QTETSTTVTGPSDGILRATSKRGYGTNDRCVPRCFRTGSHRPNEKSQTTPPVSSGIA

287 ICWGDDYISCTHGELNAIDNDMN H IPDAAMTIA TAAL FAKG TTR LRN IY

748 NQRVKECNRIKANKDELAKFGVICREHDDGLEIDGIDRSNLRQPVGGVFCYDDHRVAFSF

336 NWRVKETDRLFANATELRKVGAEVEEGHDYIRITPPEKLNF AEMAT YNDHRMIANCF

808 SVLSLVTPQPTLILEKECVGKTWPGWWDTL R QLFKV

392 SLVAL SDTPVTILDPKCTAXTFPDYFEQLARISQAA

MATCHES/LENGTH = 36 percent

Figure 3. Sequence alignment between the E.coli EPSP synthase and the
A.nidulans AROM-product. Both amino acid sequences are shown in the single
letter code; the upper sequence is that deduced for the A.nidulans AROM-
product from residues 392 to 843 and the lower the E.coli EPSP synthase
sequence. The alignment is by computer analysis using the Beckman Micro-
Genie suite of programmes; stars indicate positions of identical residues.

AROM have been expressed in E.coli to suppress the auxotrophy of aroA

mutants (A.R.H., unpublished), suggesting that the relevant segment of the

AROM Polypeptide is independently capable of folding into a catalytically

active structure.

The 1.9 Kb HindIII fragment of the A.nidulans AROM locus can also be

expressed to give an enzymatically active polypeptide, the biosynthetic

dehydroquinase (12,13). The HindIII site at the 5' end of this DNA fragment

lies exactly at the 3'end of the sequence encoding the EPSP synthase

activity and may be fortuitously located in a nucleotide sequence encoding a

peptide link between adjacent domains. The ability of the 1.9 Kb HindIII

fragment from the 3' end of the AROM gene to encode an active dehydroquinase

demonstrates that the folding of this polypeptide into a catalytically

active configuration can occur quite independently of the rest of the

protein structure.

In many fungi quinate catabolism and aromatic amino acid synthesis
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share two intermediates, dehydroquinate and dehydroshikimate, and have two

distinct dehydroquinase iso-enzymes (12, 42). Enzymes encoded by the AROM

locus have been implicated in the channelling of intermediates in aromatic

biosynthesis, keeping the levels of the common intermediates low enough to

prevent induction of the catabolic pathway in wild-type strains (1). The

existence of adjacent catalytic domains on a single, multifunctional enzyme

might be well suited to achieve that end.

With the complete sequence of the AROM locus now available, we are in

a stronger position to probe the relationship between domain-structure and

function in the complex enzyme, using molecular genetic dissection and in

vitro mutagenesi s.
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