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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 pélypeptide
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 U.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:-

(1) Is the AROM locus a single large gene, with or without introns,
or is it a cluster of five distinct genes?

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

(1i1) 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; pyroAl) 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 1075
v/v) and MgSOy 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-HC1 pH 8.1, 1 mM EDTA, 4% (w/v) SDS, 25%
sucrose at 20 ml g“. shaken with an equal volume of phenol, chloroform,
isoamylalcohol (PCA; u48:u48:4 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-HCl1 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 pg~! with AcI857 control DNA.
Gene-banks were prepared following standard protocols (22), using 0.5 ug
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 Sall. 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 ug~1). Digested plasmid DNA (20 ng) was mixed with a three-fold molar
excess of fungal DNA in a buffer containing 50 mM Tris- HCl1 pH 7.5, 10 mM
MgCly, 1 mM rATP, 1 mM DTT in a volume of 10-30 ul. 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 355-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 ®32pdCTP
were from Amersham, chemicals for oligonucleotide synthesis were from
Cruachem Chemical Co.; all other reagents were of Analar or greater purity.
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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 recs, gf 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 AARH 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 séquence 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 Xhol 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 S0 100 110 120
ATGTCGAACCCTACAAAAATCAGCATCCTTGGCCGGGAAAGCATCATCGCTGATTTCGGGC FTTGGCGAAACTATGTGGC TAAAGACCTGATCAGTGACTGCTCCTCTACCACCTACGTC

MetSerAsnProThrlysIleSerlleleuGlyArgGluSerIlelleAlaAspPheGlyLeuTrpArgAsnTyrValAl alysAspLeulleSerAspCysSerSerThrThrTyrVal

130 140 150 160 170 180 190 200 210 220 230 240
CTTGTCACTGATACGAATATCGGATCGATCTACACCCCCAGCTTTGAAGAAGCTTY TCGAAAACGTGCCGCCGAGATTACTCCCYCCCCACGCCTCCTTATTTAT AATCGTCCCCCCGGA
LeuValThrAspThrAsnlleGlySerIleTyrThrProSerPheGluGluAlaPheArglysArgAlaAlaGlul leThrProSerProArgLeuleul leTyrAsnArgProProGly

250 260 270 280 290 300 310 320 330 340 350 360
GAAGIl‘TI:CAAG‘CCCEACLGM:GAMCCBATA"GAGGAI’TWIGT?G&BICA&AACCCICCA‘GTGGCCGCGAIACCG"GIAAI'I’GCA\'YGGBYGGM‘;GAGTCA‘CGGAGATC'G
GluValSerLysSerArgGinThrLysAlaAspl loliluhp'lvpﬂnl.ous"ﬁlM.nProProCqulyArgA.pThrV: 1VallleAlaleuGlyGlyGlyVallleGlyAspleu

370 380 390 400 410 420 430 440 450 460 470 480
ACAGGATTCGTCGCTTCCACCTACATGCGCGGTETCCGTTATGTGCAGGTYCCCACTACTCTTCYGGCCATGGTAGAT TCATCGATCGGCGGGAAAACTGCCATCGACACTCCGLTGEGT
ThrGlyPheValAlaSerThrTyrMetArgGlyValArgTyrValGlnValProThrThrLeuleuAlaMetValAspSerSer] leGlyGlylLysThrAlalleAspThrProleuGly

430 500 510 520 530 540 550 560 570 560 590 600
AAGAACCTGATCGGCGCAATCTGGCAACCGACGAAAATCTACATTGACCTTGAGTTCTTGGAGACGC TGCCGGTGAGAGAGT TCATCAATGGTATGGCAGAGGTCATCAAGACGGCAGCA
LysAsnLeulleGlyAlalleTrpGlnProThrLyslleTyrIleAspleuGluPheLeuGluThrleuProValArgGluPhelleAsnGlyMetAlaGluValllelysThrAlaAla

610 620 630 640 650 660 670 680 690 700 710 720
ATCTCTAGCGAAGAAGAGTTTACAGCTTTAGAAGAGAACGCGGAGACAATCTTGAAGGCGGTCCGTCGCGAGGTCACGCCAGGAGAACATCGGT TTGAGGGCACAGAAGAGATTCTGAAG
1leSerSerGluGluGluPheThrAlaLeuGluGluAsnAlaGluThrileLeulysAlaValArgArgGluVal ThrProGlyGluHisArgPheGluGlyThrGluGlul leLeulys

730 740 750 760 770 780 790 800 810 820 830 840
GCCCGAATTCTGGCATCTGCGCGGCACAAGGCGTATGTTGTCTCAGCAGACGAAC TCTCCGGAACCTTTTGAACTGGGGTCACTCTATTGGCCATGCCATTGAAGCCATT
AlaArglleLeuAlaSerAlaArgHisLysAlaTyrValValSerAlaAspGluArgGluGlyGlyleuArgAsnLeuleuAsnTrpGlyHisSerIleGlyHisAlalleGluAlalle

8s0 860 870 880 830 900 910 920 930 940 950 960
CTGACGCCGCAAATTCTCCACGGAGAGTGTGTCGCAATCGGCATGGTGAAGGAAGCAGAACTGGCCCGTCATCTCGETATCCTGAAGGGCGTTGCAGTCTCCCGCATTGTCAAATGTCTC
LeuThrProGlnileLeuHisGlyGluCysValAlalleGlyMetVallysGluAlaGluLeuAlaArgHisLeuGlylleLeulysGlyValAlaValSerArglleVallysCysLeu

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
GCTGCTTACGGACTGCCCACCTCGCTGAAGGACGC TCGCATCCGGAAAT TGACCGCCGGCAAGCACTGCTCGGTCGACCAGT TGATGTTTAACATGGCTCTYGACAAGAAGAACGATGGT
AlaAlaTyrGlylLeuProThrSerLeulysAspAlaArglleArglysLeuThrAlaGlylysHisCysSerValAspGlnleuMetPheAsnMetAlaLeuAsplysLysAsnAspGly

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CCCAAGAAGAAAATTGTCCTCCTTTCCGCCATTGGAACTCCATATGAGACCCGCGCCAGCGTTGTTGCCAATGAGGATATTCGCGTGGTCCTTGCTCCCAGCATIGAGGTACACCCAGGT
ProlLysLysLysIleValLeuLeuSerAlalleGlyThrProTyrGluThrArgAlaSerValValAlaAsnGluAsplleArgValValleuAlaProSerIleGluValHisProGly

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
GTTGCACACTCCTCGAATGTCATCTGTGCACCTCCTGGATCCAAAAGTATTTCGAACCGGGCCTTGGTCTTGGCCGCCCTCGGCTCAGGTACTTGCCGCATCAAAAACCTGCTGCACTCC
ValAlaHisSerSerAsnVallleCysAlaProProGlySerLysSerlleSerAsnArgAlaleuValLeuAlaAlaleuGlySerGlyThrCysArgllelysAsnleuLeutisSer

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
GATGATACAGAAGTGATGCTAAATGCCCTGGAAAGGCTTGGTGCTGCGACCTTTTCCTGGGAAGAGGAAGGTGAAGT TCTGETGGTGAACGGGAAAGGEGGAAATCTACAAGCATCTTCC
AspAspThrGluValMe tLMmAlaLMIMrd.ﬂﬁlyAlaAlalhrPhoS'rlrpﬁluﬁluﬁlflyG luValleuValValAsnGlylysGlyGlyAsnlLeuGlnAlaSerSer

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
TCGCCATTGTACCTTGGAAACGCTGGTACAGCT TCCCGATTCCTCACAACCGTCGCTACCCT TGCCAACTCAAGCACTGTTGATTCCAGCGTCCTTACTGGTAATAACCGCATGAAGCAA
SerProleuTyrLeuGlyAsnAlaGlyThrAlaSerArgPheleuThrihrValAlaThrl.euAlaAsnSerSerThrValAspSerSerValleuThrGlyAsnAsnArgietlysGln

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
CGTCCTATTGGGGACTTRGYGGATGCATTGACCGCCAACGTCCT TCCATTGAATACGTCGAAAGGACGGGCCAGTTTGCCTCTCAAGATCGCIGCTTCGEGCGEATTTGCCGGAGGGAAC
ArgProlleGlyAspleuValAspAlaLeuThrAlaAsnValLeuProleuAsnThrSerLysGlyArgAlaSerLeuProleulyslleAlaAlaSerGlyGlyPheAlaGlyGlyAsn

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
ATCAACCTGGCCGCCAAAGTGTCGTCGCAGTACGTCTCTTCACTGCTCATGTGTGCTCCTTACGCCAAGGAACCTGTCACTCTGAGGT TGGTCGGCGGGAAGCCTATCTCCCAACCGTAC
1leAsnLeuAlaAlaLysValSerSerGlnTyrValSerSerLeul euMetCysAlaProTyrAlalysGluProValThrl.cuArgleuValGlyGlylLysProlleSerGlnProTyr

1810 1820 1830 1040 1850 1860 1870 1880 1890 1900 1910 1920
ATTGATATGACAACGGCAATGATGCGY TCGTTYGGCATTGATGTACAAAAGTCGACAACCEAAGAGCACACCTACCACATTCCCCAGGGCCGT1ACGT GAACCCTGCGGAATACGTTATC
1leAspMetThrThrAlaMetMetArgSerPheGlylleAspValGlnLysSerThrThrGluGlulisThrTyrHislleProGlnGlyArgTyrValAsnProAlaGluTyrvallle

1930 1940 1950 1960 1970 1960 1990 2000 2010 2020 2030 2040
GAAAGTGACGCCAGCTGTGCCACTTACCCACTCGCCGTTGCAGCCGTCACTGGCACTACCTGCACCGTTCCCAACATTGGCTCGGCT TCGCTGCAAGGAGATGCTCGT TTCGCTGTCGAG
GluSerAspAlaSerCysAlaThrTyrProLeuAlaValAlaAlaValThrGlyThrThrCysThrValProAsnlleGlySerAlaSerLeuGlnGlyAspAlaArgPheAlaValGlu

2207



Nucleic Acids Research

20s0 2060 2070 2080 2080 2100 2110 2120 2130 2140 2150 2160
G'”T1GAGGCETATGGGGTG‘ACTGTGGAGCAGACVGAAACTTCTlCTACTGTTACTGGACCGTCGBACGGCAYCT'IlCGGGCCACTTCCAAACGTGGATATGGAACCAAYGACCGATGC
ValLeuArgProMetGlyCysThrValGluGlnThrGluThrSerThrThrVal ThrGl yProSerAspGlylleLeuArgAlaThrSerLysArgGlyTyrGlyThrAsnAspArgCys

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
GT TCCTCGGTGCTTCCGTACTEGC‘GCCA‘CGCCCGATGGAAMGAGTCNCCACACCACCCGTATCIAGCGGTA'TGCCAACCAGCG TGTCAAAGAATGCAACCGCATTAAGGCCATG
ValProArgCysPheArgThrGlySerHisArgProMetGluLysSerG1nThrThrProProValSerSerGl yIleAlaAsnGlnArgVallysGluCysAsnArglleLysAlaMet

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2330 2400
AAGGATGAGCT'IGCCAMiT'lTGGAGTTﬂCIGCtBCGAGCAtGACGACGGTCTCGMSA"GACGG'IATTGACCGC1CAMCCTGCG(:CAGtCCGTTGGCGGTGTT"CIGC'IAYGAYGM
LysAspGluLeuAlaLysPheGlyVallleCysArgGluHisAspAspGlyLeuGlul leAspGlylleAspArgSerAsnLeuArgGlnProValGlyGlyValPheCysTyrAspAsp

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
CACCGAGTTGCATTCAGCTTTAGTGTACTCTCTCTCGTGACACCCCAGCCGACACTTATTCTCGAAAAGGAATGTGT TGGGAAGACATGGCCCGGCTGE TGGGATACCCTCCGTCAGCTA
HisArgValAlaPheSerPheSerValLeuSerLeuVal ThrProGlnProThrLeul leLeuGluLysGluCysValGlyLysThrTrpProGlyTrpTrpAspThrLeuArgGlnLeu

2530 2540 2550 2560 2570 2580 2530 2600 2610 2620 2630 2640
TTCAAGG1GAAGCTTGAGGGCAAGGAATTAGAAGAAGAGCCTGTGGCTGCCAGCGGGCCCGATCGCGETAACGCTTCAATYTACATTATTGGCATGCGTGGTGCTGGAAAGTCGACAGCT
PhelysVallysLeuGluGlyLysGluLeuGluGluGluProValAlaAlaSerGlyProAspArgGlyAsnAlaSerileTyrllel 1eGlyMetArgGlyAlaGlyLysSerThrAla

2650 2660 2670 2680 2690 2700 2110 2720 2730 2740 2750 . 2760
GGCAACTGGGTTTCTAAGGCTCTCAACCGGCCATTCGTTGATTTGGATACAGAGC TTGAGACTGT TGAGGGCATGACTATTCCGGACATCATCAAGACCCGCGGT TGGCAAGGCT TTAGA
GlyAsnTrpValSerLysAlaLeuAsnArgProPheValAspleuAspThrGluLeuGluThrValGluGlyMetThrileProAspllelleLysThrArgGlyTrp6lnGlyPheArg

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2080
AATGCGGAGCTGGAAATCCTGAAACGTACCTTGAAGGAACGCTCGAGAGGATACGTTTTTGCTTGTGGTGGCGGTGTAGTTGAGAYGCCTGAAGCTCGGAAATTGCTGACTGACTACCAT
AsnAlaGluLeuGlulleLeuLysArgThrieulLysGluArgSerArgGlyTyrValPheAlaCysGlyGlyGlyValValGluMetProGluAlaArglysLeuLeuThrAspTyrHis

2890 2300 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
AAGACCAAGGGCAACGTTCTGCTCCTCATGCGTGACATCAAGAAGATTATGGACT TTTTGTCAATCGACAAGTCCCGTCCTGCTTACGTCGAGGATATGATGGGCGTGTGGCT TCGACGG
LysThrLysGlyAsnValLeuLeuLeuNetArgAspl leLysLysileMetAspPheLeuSerIleAsplysSerArgProAlaTyrValGluAspMetMetGlyVal TrpleuArgArg

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120
AAGCCATGGTTCCAGGAATGCAGTAATATTCAATATTACAGCCGAGATGCTTCTCCCAGTGGGCTGGCTCGCGCGTCCGAGGACTTTAACCGGTTCCTGCAGGTAGCTACCGGGCAGATT
LysProTrpPheGinGluCysSerAsnlleGinTyrTyrSerArgAspAlaSerProSerGlyLeuAlaArgAlaSerGluAspPheAsnArgPheleuGinValAlaThrGlyGinlle

3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
GACAGCCTCAGTATTATCAAGGAGAAAGAGCACTCTTTCTTTGCGTCGCTGACTCTACCGGATCTGCGTGAAGCTGGCGACATCCTCGAGGAAGTGTGTGTCGGATCTGACGCTGTGGAG
AspSerLeuSerIlellelysGluLysGluHisSerPhePheAlaSerLeuThrLeuProAspleuArgGluAlaGlyAsplleLeuGluGluValCysValGlySerAspAlaValGlu

3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360
CTACGGGTCGATCTTCTTAAGGATCCCGCCTCGAACAACGACATTCCGTCTGTTGACTATGTCGTAGAGCAGCTCTCTTTTCTGCGAAGTCGTGTCACACTCCCTATCATCTTCACCATC
LeuArgValAspLeuleulysAspProAlaSerAsnAsnAsplleProSerValAspTyrValValGluGlnLeuSerPheleuArgSerArgVal ThrleuProlleilePheThrile

3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480
CGTACCCAGAGCCAGGGCGGTCGTTTCCCCGATAACGCCCACGACGCTGCGTTGGAGCTGTACCGTCTTGCATTCAGGTCCGGGTGTGAATTTGTCGATCTCGATATCGCTTTCCCTGAA
ArgThrGlnSerGlnGlyGlyArgPheProAspAsnAlaHisAspAlaAlaLeuGluLeuTyrArgLeuAlaPheArgSerGlyCysGluPheValAspl euAsplleAlaPheProGlu

3490 3500 3510 3520 3530 3540 3550 3560 35170 3580 3590 3600
GACATGCTGCGGGCCOTTACAGAGATGAAGGGCTTCTCTAAGATCATTGCGTCGLACCACGARLCCAAGGGCGAGCTTTCTTGGGCCAACATGTCCTGGATCAAGTTCTACAATAAAGCG
AspMetLeuArgAlaValThrGluMetLysGlyPheSerLysIlelleAlaSerHisHisAspProlysGlyGluleuSerTrpAlaAsnMetSerTrplleLysPheTyrAsniysAla

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720
CTTGAATATGGTGACATTATCAAACTTGTGGGTGTTGCACGAAACATCGACGACAACACAGCCCTGCGGAAGT TCAAGAACTGGGCTGCTGAAGC TCACGATGTCCCTCTCATCGCCATA
LeuGluTyrGlyAspIlelleLysLeuValGlyValAlaArgAsnlleAspAspAsnThrAlaleuArglysPhelLysAsnTrpAlaAlaGluAlaHisAspValProLeulleAlalle

3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840
AACATGGGTGACCAGGGGEAGCYGAGCCGCATCCTCAACGGCTTCATGACACCCGTGTCTCACCCTAGCTTGECATTCAAGGCAGCTCCCGGCCAACTCTCCGCAACCGAGATCCGCAAG
AsnMetGlyAspGlnGlyGlnLeuSerArglleLeuAsnGlyPheMetThrProValSerHisProSerLeuProPhelysAlaAlaProGlyGlnLeuSerAlaThrGlulleArglys

3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960
GGCCTGTCTCTCATGGGTGAAATCAAGCCCAAGAAGT TCGCCATCTTCGGCAGTCCCATATCCCAATCCGCTCCCCAGCTCTCCACAACACCCTATTTGCCCAGGTCGGCCTCCCCCATA
GlylLeuSerLeuMetGlyGlulleLysProLysLysPheAlallePheGlySerProlleSerGlnSerAlaProGlnLeuSerThrThrProTyrLeuProArgSerAlaSerProlle

3970 3980 3990 4000 4010 4020 4030 4040 40S0 4060 4070 4080
ACTACACCCGCCTGGAGACTACGAACGCCCAAGATGTGCAGGAGTTCATCCGCTCTCCTGACTTCGGCGGCGCCTTCCGTAACAATTCGCTCAAGCTCGACATCATGCCCCTTCTCGACE
ThrThrProAlaTrpArgleuArgThrProlysMetCysArgSerSerSerAlaLeuleuThrSerAlaAlaProSerValThrileArgSerSerSerThrSerCysProPheSerThr
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4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
AAGT TGCCGCGGAAGCCGAGATCATCGGAGCTG T TAACACAATCAT FCCCGTGTCGACTGGCAAGAACAC TCCATCACGCCTACGTCGGCCGCAACACCGACTGGCAGGGAATGATTCTG
LysLeuProArglysProArgSerSerGluleuLeuThrGinSerPheProCysArgleuAlaArgThrleulisHisAlaTyrValGlyArgAsnThrAspTrpGlnGlyMetileLeu

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320
TCCCTCCGCAAAGCGGGAGTCTACGGACCCAAGAGAAAGGATCAAGAGCAGTCTGCCCTCETCOTCG6C6GCE6CGECACGECCCETGCAGCCATCTACGCCCTGCACAACATGGGCTAC
SerLeuArglysAlaGlyValTyrGlyProlysArglysAspGlnGluGlnSerAlaleuValValGlyGlyGlyGlyThrAlaArgAlaAlalleTyrAlaleuHisAsnMetGlyTyr

4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440
TCTCCCATCTACATCGYTGGCCGCACCCCGTCTAAGCTGGAAAACATGGTCTCTTCTTTCCCCAGCAGCTACAACATCCGCATCGTTGAGAGCCCTY TCAAGCTTCGAGTCCGT ICCGCAC
SerProlleTyrI)leValGlyArgThrProSerLysLeuGluAsnMetValSerSerPheProSerSerTyrAsnileArglleVal6luSerProSerSerPheGluSerValProHis

4450 4460 470 4480 4430 4500 4510 4520 4530 4540 4550 4560
GTCGCGATTGGTACAATCCCCGCCGATCAACCAATTGACCCGACTATGCETEAGACACTGTGCCACATGTTCGAGCGCGCGCAGGAGGCAGACGCTGAAGCTGTGAAGGCCATTGAGCAT
ValAlalleGlyThrileProAlaAspGlnProlleAspProThrMetArgGluThrLeuCysHisMetPheGluArgAlaGinGluAlaAspAlaGluAlaVallysAlalleGluHis

4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680
GCGCCGCGTATCCTGCTTGAGATGGCGTACAAGCCTCAGGTGACCGCACTGATGAGGC TGGCGTCTGATTCAGGCTGGAAGACTATTCCTGGTTT TAGTTGGTC
AlaProArglleLeuleuGluMetAlaTyrLysProGlnValThrAlaLeuMetArgleuAlaSerAspSerGlyTrplysThrlleProGlyleuGluValleuValGly61nGlyTrp

4690 4700 4710 4720 4730 4740 47s0 4760 4770 4780 4790 4800
TATCAGGTTTGTTTCCTIGCTTCAATCATACTCATTGCATGCGAGCTAACTGAACGTAGT TTAAATACTGGACTGGEATCTCGCEGCTATATGAGAGTGCCAGGGCATGTAGCTCCCCCC
TyrGlnValCysPheLeuAlaSer[lelleLeul1eAlaCysGluLeuThrGluArgSerLeuAsnThrGlyLeuGlySerArgArgTyrMetArgVal ProGlyHisValAlaProPro

4810
TCATTTAACTAA
SerPheAsn**x

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 (41).

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 cétabolic 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.nidulanms.

<
>
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-
>
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>
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o
Q
a4
c
-
>
Q
154
<
N
o
ar»nc

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). 1In
addition, there are many examples of conservative amino acid substitutions.

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

2210



Nucleic Acids Research

392 APS I BVHPGVM'ISSNVICAPPGSKS I SNMLVLMLGSGTCRI KNLLHSDDTEVHLIIALE

araRr wRAw anran

HBSLTLQP IARVDG'I‘I NL v LLLAAL T vll-'l"" L HMLNALT

-

452 RLGAATFSWEEEGEVLVVNGKGGNLQASSS PLYLGNAGTASRFLTTVATLANSSTVDSS
T IR * amamARE * oA *

59 ALGVS YTLSADRTRCEIIGNGGPLHAEGALELFLGNAGTAMRPLAAALCLGSDD I

511 VL'I‘GN'I!RHKQIPIGDLVDALTAWLPLNTSKGMSLP LKXMSGGFAGGNINLAAKVSS
FAEE AEE mARE RREER

114 VLTGEPRMKERPIGHLVDALRLGGAKI TYLEQBNYPPLRLQ OGFTGGNVDVDGSVSS

570 QYVSSLLMCAPYAKEPVTLRVLGGKPISQPYIDMTTAMMRSFGIDVQKSTTEEHTYHIPQ
* txr xr 2 w P * wxar w *  xx
171 QFLTALLMTAPLAPEDTVIRIKGDL VSKPYIDITLNLMKTFGVEIENQHYQQ FVVKG

630 GR YVNPAEWIESDASCATYPLAVMV‘!‘GTTCTVPN IGSASLQGDARFAVEVLRPMGCT

T oREr xR xx ® LT T T T I T T

228 GQSYQSPGTYLVEGDASSASYFLMAAIKGGWKV‘IGIGRNSI‘QGDIRFA NVLEKMGAT

689 VE QTETSTTVTGPSDGILRATSKRGYGTNDRCVPRCFRTGSHRPMEKSQTTPPVSSGIA
* * * x xx *
287 ICWGDDYISCTHGELNAIDMDMN H IPDAAMTIA TAAL FAKG TTR LRN IY
748 NQRVKECNRIKAMKDELAKFGVICREHDDGLEIDGIDRSNLRQPVGGVFCYDDHRVAFSF
P T T BT * * * *oaxr % a
336 NWRVKETDRLFAMATELRKVGAEVEEGHDYIRITPPEKLNF AEMAT YNDHRMAMCF
808 SVLSLVTPQPTLILEKECVGKTWPGWWDTL R QLFKV
* . e * wrox ..
392 SLVAL SDTPVTILDPKCTAKTFPDYFEQLARISQAA

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 KbvggggIII 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 exac;ly 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

221



Nucleic Acids Research

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 mutagenesis.
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