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ABSTRACT We report the nucleotide sequences of iaaM
and iaaH, the genetic determinants for, respectively,
tryptophan 2-monooxygenase and indoleacetamide hydrolase,
the enzymes that catalyze the conversion of L-tryptophan to
indoleacetic acid in the tumor-forming bacterium Pseudomonas
syringae pv. savastanoi. The sequence analysis indicates that
the iaaM locus contains an open reading frame encoding 557
amino acids that would comprise a protein with a molecular
weight of 61,783; the iaaH locus contains an open reading
frame of 455 amino acids that would comprise a protein with
a molecular weight of 48,515. Significant amino acid sequence
homology was found between the predicted sequence of the
tryptophan monooxygenase of P. savastanoi and the deduced
product of the T-DNA tms-) gene of the octopine-type plasmid
pTiA6NC from Agrobacteium tumefaciens. Strong homology
was found in the 25 amino acid sequence in the putative
FAD-binding region of tryptophan monooxygenase. Homology
was also found in the amino acid sequences representing the
central regions of the putative products of iaaH and tms-2
T-DNA. The results suggest a strong similarity in the pathways
for indoleacetic acid synthesis encoded by genes in P. savastanoi
and in A. tumefaciens T-DNA.

The association of the tumor-forming bacterium Pseudo-
monas syringae pv. savastanoi (P. savastanoi) and its hosts,
oleander and olive plants, provides a system for studying the
molecular basis of virulence of a bacterium in plants. Tumor
formation by these plants is a response to high concentrations
of indoleacetic acid (IAA) introduced into infected tissue by
the bacterium (1); thus, production of a tumor is used to
assess virulence of the bacterium. The bacterium produces
IAA from tryptophan, with indoleacetamide as the interme-
diate. The enzymes involved are tryptophan 2-monooxygen-
ase [L-tryptophan:oxygen 2-oxidoreductase (decarboxyl-
ating), EC 1.13.12.3], which catalyzes the conversion of
L-tryptophan to indole-3-acetamide, and indoleacetamide
hydrolase, which catalyzes the conversion of indoleacetam-
ide to ammonia and IAA (2).
The genes for the two enzymes, iaaM and iaaH, are part

of an operon that is borne on a plasmid, pIAA, in oleander
strains of the pathogen; in olive strains these genes are on the
chromosome. Mutants cured of pIAA are weakly virulent on
oleander; when transformed with pIAA, they are restored to
full virulence (3). Moreover, iaaM has been cloned and its
role in virulence has been demonstrated (3-5). Unlike the
crown gall disease caused by Agrobacterium tumefaciens, in
which transferred DNA (T-DNA) from the tumor-inducing
(Ti) plasmid is stably integrated into the nuclear genome
(6-12), there appears to be no genetic transformation of host
tissue by P. savastanoi.

To determine whether there is a common basis for bacteria-
induced tumor formation in plants, we compared IAA syn-
thesis in P. savastanoi with that in other systems associated
with neoplastic growth in plants. Evidence from previous
investigations on crown gall tumor tissue suggested that
T-DNA, which carries genetic determinants encoding
phytohormone synthesis, confers a tumorigenic state when
integrated into host tissue (13). Subsequently, Schroeder et
al. (14) and Thomashow et al. (15) demonstrated that the
tms-2 locus of crown gall T-DNA encodes an enzyme
possessing indoleacetamide hydrolase activity and further
proposed that the tms-i locus encodes an enzyme catalyzing
the conversion of trytophan to indoleacetamide. However,
tryptophan monooxygenase activity has yet to be demon-
strated in crown gall tissue or in A. tumefaciens. In recent
hybridization experiments under low-stringency conditions,
homology was demonstrated between DNA sequences bear-
ing the tms-i locus of T-DNA and iaaM and between tms-2
and iaaH (unpublished results ).

In this study, we present the nucleotide sequences of iaaM
and iaaH from P. savastanoi; we compare these sequences
with the sequences reported by Klee et al. (16) and Gielen et
al. (17) for the tms-i and tms-2 loci in crown gall T-DNA. On
the basis of the deduced amino acid sequences, we find
significant homology between the iaaM and tms-i gene
products, and lesser, yet significant, homology between the
tms-2 and iaaH gene products.

MATERIALS AND METHODS
Bacterial Strains and Plasmids. Escherichia coli SK-1592

(pLUC2) (4), E. coli HB101 (pCP3) (to be described else-
where) were used for plasmid isolations. The restriction maps
of the cloned fragments of P. savastanoi DNA contained in
the plasmid pLUC2 and pCP3 are shown in Fig. 1. E. coli 7118
was used for nucleotide sequencing experiments (18). Bac-
teria were grown in LB medium (19).

Plasmid DNA from E. coli was isolated by the procedure
of Froman as modified by Tait et al. (20) and purified by
cesium chloride density-gradient centrifugation (21).

Materials. Restriction endonucleases were purchased from
New England Biolabs, Bethesda Research Laboratories, or
Boehringer Mannheim; DNA polymerase I large fragment,
pentadecameric primer, isopropyl ,B-D-thiogalactoside
(IPTG), 5-bromo-4-chloro-3-indolyl ,B-D-galactoside (X-Gal),
and polyacrylamide, from Bethesda Research Laboratories;
[a-32P]dATP, [35S]methionine, and coupled transcription/
translation system, from Amersham; exonuclease III and
nuclease S1, from Boehringer Mannheim; ultrapure urea,
from Research Organics, Cleveland, OH; and Kodak x-ray
film XAR-5, from Merry X-ray Chemical.

Abbreviations: IAA, indoleacetic acid; Ti plasmid, tumor-inducing
plasmid; T-DNA, DNA transferred from the Ti plasmid to a plant
cell.
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FIG. 1. (a) Restriction maps of fragment M (pLUC2) (4) and
pCP3. (b) Strategy used for nucleotide sequencing of the promoter
region, iaaM, and iaaH. Arrows show the extent and direction of
sequence analysis. Both strands have been sequenced.

Nucleic Acid Sequence Determination. The recombinant
plasmids pLUC2 and pCP3, constructed from pBR328 and
pIAA fragments bearing iaaM and iaaH (4), provided the
DNA to be sequenced (Fig. 1). The plasmids were digested
with Aha III, Bal I, BamHI, EcoRI, EcoRV, HincII, HindIll,
Kpn I, Pst I, Sac I, Sau3AI, Sal I, Sph I, and the resulting
restriction fragments were cloned in the M13 vectors mp8,
mpll, mpl8, or mpi9 (22). Fragments treated with exo-
nuclease III and nuclease Si were also cloned in the M13
vectors (23). E. coli 7118 transformants (white plaques) were
screened by the method of Messing and Vieira (24).
Exonuclease III- and nuclease Si-derived clones were
screened by plaque-hybridization using fragment M (Fig. la)
as a probe. Phage clones of both strands of the fragments
bearing iaaM and iaaH were isolated for sequencing. A
single-stranded phage template was prepared as described by
Messing et al. (22) and used for the dideoxy sequencing
reactions as described by Sanger et al. (25). Electrophoresis
for nucleotide sequencing was carried out in 8% polyacryl-
amide (BRL model S0 apparatus; gel 34 x 40 cm, 0.4 mm
thick) or 6% polyacrylamide (BRL model Si apparatus; gel 30
x 84 cm, 0.4 mm thick). Computer analyses of the nucleotide
sequences were done using programs kindly provided by R.
Larson and J. Messing, University of Minnesota.
In Vitro Protein Synthesis and Enzyme Activities. The

proteins encoded by pCP3 were labeled with [35S]methionine
by the procedures in the coupled transcription/translation
system of Chen and Zubay (26). Proteins were subjected to
NaDodSO4/PAGE in a modified Laemmli system (27).
Tryptophan monooxygenase and indoleacetamide hydrolase
activities were assayed as described (3).

RESULTS
DNA Sequence Determination. The nucleotide sequences of

iaaM and iaaH are shown in Fig. 2. The sequence (5' to 3')
from the EcoRI site of fragment M is presented for only one
strand. The open reading frame of iaaM encodes a 557 amino
acid protein with a molecular weight of 61,783, which
corresponds closely to the molecular weight of 62,000 deter-
mined for the purified tryptophan monooxygenase monomer
by NaDodSO4/PAGE (29). The first 10 amino acids of the
coding region correspond exactly to the amino-terminal
amino acid sequence determined for the purified protein (29).
The nucleotide sequence of the tms-i region of the octopine-
type plasmid pTiA6NC from A. tumefaciens shows an open
reading frame that encodes a 755-residue protein ofmolecular
weight 83,769 (16). As shown in Fig. 3a, the deduced amino
acid sequences of the iaaM and tms-i products show strong

homology throughout the entire length of the region coding
for tryptophan monooxygenase, provided that tyrosine at
position 90 and proline, methionine, and threonine at posi-
tions 494-496 in the iaaM sequence are skipped. Overall, the
deduced amino acid sequences of tryptophan monooxygen-
ase and the tms-l-encoded protein show 50% perfect match-
es.
The open reading frame of iaaH encodes a protein of 455

amino acids, with a molecular weight of 48,515. As shown in
Fig. 3b, the deduced amino acid sequences of the iaaH and
tms-2 products show lesser homology (27% for perfect
matches, if threonine at position 251 in the tms-2 sequence is
skipped) than the iaaM and tms-i products. Strongest ho-
mology occurs in the sequences of the core of each protein.
Comparison of the nucleotide sequences shows there is 54%
homology between iaaM and tms-i and 38% homology
between iaaH and tms-2.

Predicted Sequence of the FAD-Binding Region. Previous
studies showed that tryptophan monooxygenase possesses
FAD as a cofactor (29). Further, Klee et al. (16) detected
homology between amino acids 239-263 of the predicted
tms-i product and amino acids 5-29 in the FAD-linked
hydroxybenzoate hydroxylase from P.fluorescens: the latter
sequence is rich in hydrophobic amino acids and has been
shown by x-ray crystallography to comprise the pocket in the
hydroxylase protein that binds the adenine moiety of FAD
(30). The same deduced sequence of the tms-1 product shows
strong homology with amino acid residues 42-66 of tryp-
tophan monooxygenase (Fig. 4). We suggest that residues
42-66 comprise the FAD-binding site in tryptophan mono-
oxygenase.

In Vitro Protein Synthesis and Enzyme Activities. To verify
that the cloned sequences encode intact iaaM and iaaH
products, we determined protein synthesis in a DNA-di-
rected transcription/translation system. pCP3 encoded two
proteins, of Mr 62,000 and 47,000 (Fig. 5). In the control
reaction mixture with pCP3AR1, which has the 2.8-kilobase-
pair fragmentM deleted (Fig. 1), no radioactive protein OfMr
> 30,000 was found. FragmentM in pLUC2 encodes proteins
ofMr 62,000 (tryptophan monooxygenase) and 39,000 (which
appears to be a truncated indoleacetamide hydrolase pro-
tein). The two proteins encoded by pCP3 correspond in size
to those predicted by the open reading frames in the nucle-
otide sequence; they were identified as tryptophan mono-
oxygenase and indoleacetamide hydrolase, since activities of
both enzymes were detected in cell-free preparations of E.
coli HB101 transformed with pCP3. IAA accumulated to
levels of 58 ,g/mg (dry weight of cells) in culture filtrates in
which E. coli HB101 transformed with pCP3 had been grown
overnight. Neither the above enzyme activities nor IAA were
detected in cell-free preparations of E. coli HB101 cells
transformed by the vector plasmid pBR328 alone.
Ribosome Binding Sites of iaaM. The nucleotide sequences

upstream from the initiation codons (ATG) of the iaaM and
iaaH coding regions are shown in Fig. 2. There are two
possible ribosome binding sites of iaaM, AAGAG and
AGAG, which are similar to sequences near the 3' end of the
16S rRNA of P. aeruginosa (31). The putative ribosome
binding site of iaaH, AAGAG, is also shown (Fig. 2). All
three of these sites show a high degree of homology with
ribosome binding sites of other genes characterized from
Pseudomonads (32, 33). However, we find no consensus
sequence characteristic of the Pribnow box or a -35 region
(34).

DISCUSSION
Production of IAA confers virulence in P. savastanoi for its
hosts, oleander and olive. Knowledge of the mechanisms
regulating production of IAA therefore is important for the
understanding of mechanisms controlling expression of vir-
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GAATTCSTTTTGAGCACCACCAAAACCTTTACCGAATGCCATTGTCCGGCTTACACCCCCTATACCAAGCCAGTGlCGTG

GTCGGC.AGCGCGGTCGTTAGTGCTTATTAATTTTAGAGGACTAGCATOGTTTSAASAATGTGTTCArTSTTTT0GATT100 150

YTIGGTGCTGCCGTTAAAAGGTO3CTGTTTCAGTTTCATTTAAAGAATCGTAATCCSGGTAOCACOTAAOGTCS GU
200

10
MET TYR ASP HIS PHE A5N SER PRO SEF ILE ASF ILE LEU TYR ASP TYR SLY

TA6.TCSGCGT ATG TAT SAC CAT TTT AAT TCA CCC AGT ATT GAT ATT TTG TAC SAC TAC GOT
250 30300

PRO PHE LEU LYS LYS CYS GLU MET THE SLY SLY ILE GLY SER TYR SER ALA SLY THF PRI
CCC TTT CT6 AAA AAA TGT GAA ATG ACG GGA SGC ATA GGC ABC TAT TCA GCC GGA ACG CCC

350
50

THR PRO ARG VAL ALA ILE VAL SLY ALA SLY ILE SEE SLY LEU VAL ALA ALA THE GLU LEU
ACC CCT COG GTA GCG ATA OTC GOT 6CC GOC ATC AGT GGG CTG GTC OCT GCA ACT GAA CTA

400
70

LEU AFG ALA SLY VAL LYS ASP VAL VAL LEU TYR GLU SEE ARG ASP ARG ILE GLv SLY ARG
TTA COT GCG BGA STC AAG SAC OTT OTC TTA TAT GAA TCG COT GAT CGA ATC GG0 GGA COG

450
90

VAL TRF SER GLN VAL PHE ASP GLN THE ARG PRO ARO TYR ILE ALA GLU MET SLY ALA OET
STA TOG TCT CAA OTT TTC GAT CAG ACT COT CCA COT TAC ATT GCA GAa ATS GGT OCG ATG

SOO
110

ARG PHE PRO PRO SER ALA THR SLY LEU PHE HIS TYR LEU LYS LYS PHE SLY ILE SER THR
CGC TTT CCT CCC AST GCA ACT GSC CTT TTC CAC TAC CTG AAA AAG TTT GOT ATT TCG ACS

550 600
130

SER THR THR PHE PRO ASP PRO SLY VAL VAL ASP THR GLU LEU HIS TYR ARG SLY LYS ARS
TCG ACC ACC TTT CCG GAT CCT GOT GTG GTG SAC ACS GAG CTO CAT TAC COT SOC AAG CBC

650
150

TYR HIS TRP PRO ALA SLY LYS LYS PRO PRO OLU LEU PHE ARG ARG VAL TYR sLU SLY TRP
TAT CAC TSG CCA BCG GSC AAA AAG CCG CCC SAA TTA TTC AGO CGA OTC TAT GAG 000 TSG

700
170

GLN SER LEU LEU SER GLU SLY TYR LEU LEU OLU SLY SLY SEE LEU VAL ALA PRO LEU ASP
CAG TCT CTA TTY TCC SaA GOT TAC CTC CTT GAA SOC GOT TCT TTA OTT 0CC CCG CTG SAC

750
190

ILE THR ALA MET LEU LYS SEOR LY ARG LEU SLU SLU ALA ALA ILE ALA TRP OLN SLY TRP
ATT ACC OCA ATG CTG AAG TCB BOT COT CTG SA BAG SCA BCG ATC SCA TSG CAG GOa TSG

S00
210

LEU ASN VAL PHE ARE ASP. CYS ER P-HE TYR ASN ALA ILE VAL CYS ILE PHE THR SLY AhG
CTC AAT GTA TTC CSO GAT TOT TCA TTC TAT AAC GCG ATT GTC TOT ATT TTT ACT GOC CGC

650 900
230

HIS PRO PRO SLY SLY ASP ARO TRP ALA ARG PRO 6LU ASP PHE GLU LEU P-HEGLV SEfR LEU
CAT CCG CCA GOC SOC SAC ABA TOG OCT COT CCT SAA SAC TrT GAG CTG TTT GGC TCG CTT

950
250

QLY ILE SLY SER SLY SLY PHE LEU PRO VAL PIE SLN ALA SLY PHL THE SLU ILE LEU ARG
SOC ATA BBC TCG OBC BO TTT TTB CCA BTC TTT CAG OCT SGC TrT ACG SG ATA CTG COG

1000
270

MET VAL ILE ASN SLY TYR SLN SER ASP GLN ARG LEU ILE PRO ASP SLY ILE SER SER LEU
ATB OTT ATC AAC GA TAC CAG AGT SAC CAB CSA CTG ATT CCG SAC GGG ATA TCC AGr CTG

1050
290

ALA ALA ARG LEU ALA ASP SLN SER PHE ASP SLY LYS ALA LEU ARG ASP ARG VAL CYS P-HE
GCC GCG AGA CTC OCT GAT CAB TCB TTT BAC GSC AAA GCG TTA AGO SAC CGC OTT TOT TT

1100
310

SER ARG VAL SLY ARG ILE SER ARG GLU ALA GLU LYS ILE ILE ILE GLN THR GLU ALA SLY
AGC COG GTA GOT COC ATT TCC AGA SAG OCT GAA ABA ATC ATC ATC CAG ACG SAA GCA GGA

1150 1200
330

GLU SLN ARB VAL PHE ASP ARG VAL ILE VAL THr SER SER ASN ARG ALA MET SLN HET ILE
GAA CAG COT GTA TTT GAT CSA GTA ATT GTC ACT AOC AGT ArT COG GCC ATG CAA ATG ATT

1250
350

HIS CYS LEU THR ASP SER GLU SER PHE LEU SER ARG ASP VAL ALA ARG ALA VAL ARG GLU
CAC TGC CTC ACO GAT AOC GAG AGC TTT CTG AGT COT GAT GTC OCT COT OCT GTC COC GAA

1300
370

THR HIS LEU THR SLY SER SER LYS LEU PHE ILE LEU THR ARG THE LVS PHE TRf ILE LYS
ACC CAT CTG ACA GOT TCA TCS AAG CTT TTC ATT CTC ACC CGA ACC AAA TTC TSG ATA AAA

1350
390

ASN LYS LEU PRO THE THR ILE GLN SER ASP GLY LEU VAL ARG GLY VAL TYR CYS LEU ASF
AAC AAG CTT CCC ACC ACC ATC CAG TCG SAC GOT CTG GTG CGC GOC STC TAT TOT CTG SAT

1400

410TYR GLN PRO ASP GLU PRO SLU GLY HIS SLY VAL VAL LEU LEU SER TYR THR TRP GLU ASP
TAT CAG CCC SAT GAa CCT SAG GOG CAT GOC OTT OTT CTG CTC AGT TAC ACG TOGGAA SAC

1450 1500
430

ASP ALA GLN LYS HET LEU ALA HIET PRO ASP LYS LYS THR ARG CYS SLN VAL LEU VAL ASP
SAC OCT CAB AAA ATG CTB OCG ATG CCT SAC ASO AAA ACG COT TGC CAG STA CTG OTT GAT

1550
450

ASP LEU ALA ALA ILE HIS PRO THR PHE ALA SER TYR LEU LEU PRO VAL ASP SLY ASP TYR
SAC CTT OCT GCG ATA CAC CCG ACS TTC GCC AGT TAT CTC CTS CCC OTT GAT B0G SAT TAT

1600
470

GLU ARG TYR VAL LEU HIS HIS ASP TRP LEU THR ASP PRO HIS SEE ALA SLY ALA PHE LYS
GAG CGG TAT GTA TTG CAC CAT SAC TSG CTC aCC GAT CCC CAT TCT GCG GOC OCT TTC AAA

1650
490

LEU ASN TYR PRO SLY GLU ASP VAL TYR SER GLN AG LEU PHE PHE GLN PRO HET THR ALA
CTC AAr rAT CCC GGC GAG SAC OTT TAC TCO CAG CGA TTG TTT TTT CAA CCA ATG ACA OCG

1700
510

ASN SER PRO ASN LYS ASP THR SLY LEU TYR LEU ALA SLY CYS SER CYS SER PHE ALA SLY
AAC AGT CCC AAT AAA SAC ACG G00 CTC TAT CTG OCT GGC TGC AGT T6C TCT TTT GCC GGA

1750 lsaw
530

SLY TRP ILE GLU SLY ALA VAL GLN THR ALA LEU ASN SER ALA CYS ALA VAL LEU ARG SER
GGG TOG ATC GAA GOT OCT GTC CAB ACA GCA TTG AAC AGT OCT TGC GCG GTG CTG CGC AGC

550
THR SLY SLY GLN LEU SER LYS SLY ASN PRO LEU ASP CYS ILE ASN ALA SER TYR ARG TYR
.CC GSA GGG CAB CTG TCA Aaa GGC AAC CCS CTO SAC TGT ATC AAc GCC TCC TAT COC TAT

1900
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HET HS1 GLU ILE ILE THE LEU GLU
000 CACTCCTGASAGCAGCSCTAAGCTAATACGGGTGA\ABZC ATG CAT GSA ATA ATC ACA CTT SAA
TAA 1950

10
SEF LEOI CYS GLN ALA LEU ALA ASP GLY GLU ILE ALA ALA ALA GLU LEU ARG GLU AkG ALA
TCb CTG TGC CAG GCA TTG OCT GAT GGC GAG ATT 0CC OCT GCG GAG CTG COC GAG C6T GCG

2000 2050
30

LEU ASP THE GLU ALA ARG LEU ALA ARG LEU ASN CYS PHE ILE ARG GLU GLY ASP ALA VAL
CTC SAT ACT SAG GCC CGC TTG GCC COT TTG AAC TOT TTC ATA COT SAG GOT GAT GCG OTC

2100
50

SEP OLN P-HE SLY GLU ALA ASP HIS ALA HET LYS SLY THR PRO LEU TkP SLY HET PRO VAL
AGC CAG TTT GOC GAG OCT GAT CAT OCA ATG AAG GOT ACT CCA CTC TOG OGA ATG CCG OTT

2150
70

SEE P-HE LYS ASP ASN ILE CYS VAL ARG SLY LEU PRO LEU THE ALA GLY THE ARG SLY HET
TCC TTC AAG SAT AAT ATC TOT OTT COC GOT TTG CCG TTS ACA GCC G0G ACG CGA GSA ATG

2200
90

SEF SLY PHE VAL SER ASP SLN ASP ALA ALA ILE VAL SER GLN LEU AkG ALA LEU SLY ALA
TCC GOT TTC GTA TCT GAT CAG GAT OCT OCS ATT GTC AST CAA CTC AGA GCC CTC 00G OCT

2250
110

VAL VAL ALA SLY LYS ASN ASN HET HIS SLU LEU SER PHE SLY VAL THR SER ILE ASN PRO
GTG GTC OCT SGC AaG AAC ABC ATG CAC rA CTC ABT TTC GSA GTG aCC TCC ATC AAT CCT

2300 2350
130

HOS TFP GLY THE VAL SLY ASN PRO VAL ALA PRO SLY TYR CYS ALA SLY SLY SEk SER SLY
CAT TOG GGA ACC GTG GSO AAC CCC GTO GCC CCC SOT TAT TOT GCC GGA GOT AST AST GOT

2400
150

SLY SEE ALA ALA ALA VAL ALA SER SLY ILE VAL PRO LEU SER VaL SLY THE ASP THR SLY
GGA AGT GCC GCC BCA GTG GCA AGT 5GA ATT OTT CCG CTG TCG GTG GGG ACC SAC ACS 0GG

2450
170

GLY SEE OLE AkG ILE PRO ALA ALA PHE CYS SLY ILE THE SLY P-HE ARO PRO THR THR SLY
GGC TCG ATA AGA ATA CCG GCG OCC TTC TBC SOC ATT ACG SOC TTC AGA CCC ACT ACT BGA

2500
190

AkG TkP SER THE ALA SLY ILE ILE PRO VAL SER HIS THR LYS ASP CYS VAL SLY LEU LEU
COC TSG TCA ACG GCA SOC ATT ATC CCT BTT TCT CAT ACA AAG GAT TOC OTT 060 TTG CTG

2550
210

THE AkG THR ALA SLY ASP ALA SLY PHE LEU TYR SLY LEU LEU SER SLY LYS SLN SLN SOR
ACA CGA ACG OCA GSC SAC GCC BOA TTT TT6 TAC BOA CTO TTO TCA SOC AAO CAG CAB TCT

2600 2650
230

fPHE PRO LEU SER ARG THR ALA PRO CYS ARG ILE SLY LEU PRO VAL SER HET TRP OAR ASP
TTT CCC CTG AOC ABG ACG eCC CCC TOT CSA ATC SOC CTA CC6 OTC TCC ATG TOG TCC SAT

2700
250

LEU ASP SLY GLU VAL GLU ARO ALA CYS VAL ASN ALA LEU BER LEU LEU ARG LYS THR SLY
CTG SAT GSC SAG GTG GA ABGO CA TOC STS AAT SCA CTC ASC CTO CTG CDC aAG ACA 0G0

2750
270

PHE GLU P-HE ILE SLU ILF ASP ASP ALA ASP ILE VAL SLU LEU ASN SLN THE LEU THR PHE
TTC GAG TTT ATT SAA ATT GAT BAT 9CC BAT ATT OTC SAA CTG ABC CAG ACA CTC ACG TTC

25000
Z92

THE vAl PRO LEU TYR GLU PHE PHE ALA ASP LEU ALA SLN SER LEU LEU SER LEU SLY TSP
ACC OTT CCG CTT TAC GAA TTC TTT GCC SAC CTT OCT CAG TCA TTO CTC TCC TTO SOC TeO

2850
310

LVIS HIS SLY OLE HIS HIS ILE PHE ALA GLN VAL ASP ASP ALA ASN VAL LYS SLY ILE ILE
AAG CAC SOT ATC CAT CAT ATT TTT OCA CAB OTT GAT GAT 0CC AAC STe AAA OC ATC ATC

2900 2950
330

ASN HIS HIS LkU 6LY GLU SLY ALA ILE LYS PRO ALA HIS TYR LEU SER SER LEU SLN ASN
AAT CAC CAC CTT 0GG GAG S6C OCT ATA AAA CCO OCT CAC TAT TT6 ABT TCA CTO CAA AAT

3000
350

SLY GLU LEU LEU LYS AhG LYS HET ASP SLU LEU PHE ALA ARG HIS ASN ILE SLU LEU LEU
OC SAG CTG TTG AAA AGA AAA ATG SAT MAB CTA TTT OCT COT CAT AAT ATC Sa CTC CTY

3050
370

GLY TYR PRO HE VAL PRO CYS AkG VAL PRO HIS LEU ASP HIS ALA ASP AR6 PRO SLU PHE
G0G TAC CCC ACG GTA CCT TGC CBO STA CCT CAT CTO BAT CAT OCT SA CBA CCA GA TTT

3100
390

PHE SER SLN ALA ILE AR6 ASN THR ASP LEU ALA SER ASN ALA HET LEU PRO 9ER ILE THE
1TC AST CAG OCA ATT COC AAT ACC SAC CTG eCC AC AAT OC ATS CTC CCC TCC ATT ACT

3150
410

ILE PRO VAL GLY PRO GLU SLY ARG LEU PRO VAL SLY LEU SER P-HE ASP ALA LEU AGO SLY
ATT CCT GTC G0G CCA GAA G5G C6A TT6 CCO OTC SOC TT6 ABC TTT BAT OCT CTA AGA 55

3200 3250
430

ARG ASP ALA LEU LEU LEU SER ARG VAL SEE ALA ILE SLU SLN VAL LEU SLY PHE VAL ARO
CGA SAC OCA CTT TTG CT6 ABC AOA STC ABT eCC ATA SAe CAB BTA TTA SOT TTT STA CBA

3300
450

LYS VAL LEU PRO HIS THR THR
AA GTA TT6 CC6 CAT ACA AC6 TAG GC1ACAOCCASCSTACCATSOCTOCBTABCTCTT5OCCAIBCTTOT

3350

COT AOCGGGTGCCSATTCCSCGSO TCTCTTTTABCCAGCCAAGCATCCOCTCAATSATBTTSCBCTOCC6ATACTTTSOA
3400 3450

FIG. 2. Nucleotide sequences of the promoter region, iaaM, and iaaH and amino acid sequences predicted by the iaaM (Left) and iaaH
(Right) open reading frames. Numbers above each line refer to amino acid positions in the predicted iaaM and iaaH products; numbers below
each line refer to nucleotide positions starting from the EcoRI site of fragment M at the 5' end. Sequence is shown from 5' to 3'. The boxed
sequences are the proposed Shine-Dalgarno (ribosome-binding) regions (28).

ulence. Previous investigations showed that insertions in elucidate their organization in an operon, we determined the
iaaM had polar effects on iaaH expression. This suggested fine structure of the two genes and confirmed their expres-
that expression of iaaH depends upon the promoter for iaaM sion in E. coli.
and that the two determinants occur in an operon. To further The sequence analysis of iaaM shows an open reading
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a
tarn-1 MSASPLILDNQCDHLPTKMIVDL 1MVDKAlELLDkkVSDAFLLREASRGRR1TQ18IECSAGL

81
tur-1 ACKRLADGRFPE ISA6G6FVAVLSAY IY I6GE ILGRILEBKPWARATVSGLVAIDLAPFCM

121
tar-I DFSEAOL I QALFLLSGk'RCAP I DLSHf VAI Sl SKTAGFRT LPMPLYENGW1MKCVT1FT I T

181
tars-i LEGAVPFDMVAYG1RNLMLKGSAtSFP1 I DLLYDYRPFFDQCSDSGRI GFFPEDVPKPKVA

* s*****- ** * *nr** r**r*
. ^aM MYDHFNSPSIDILYDY8PFLKKCEMTBGII3SY8AGTPTPRVA

241
tas-I V IGAGiSGLVVANELLHAGVDDVT I YEASDRV88KLWSHAFRDAP8V VAEMSAMRFPPA

****ssrnrnr*5** ***r ** ** ** *- ** * ****-

1 oAM IVGIAGISGLVAATELLRAGVKDVVLYESRDRIBIRVWSFVFDQTRPRY IAEMAMRFPPs
81

301
tMS-1 AFCLFFFLERYGLSSIRPFPNPG1 VDI YLVYQVGYMWKA6QLPPKLFHRVYNBWRAFLK

* ** * * * * ** ***r * ** *n *-** -***rn *

laaM ATGLFHYLKKFGISTSTTFPDPGVVDTELHYR8KRYHWPAGKKPPELFRRVYEWQSLLS
121

361
tms-I DGFYERDIVLASPVAI TOALik.SGDDIRWA4DSNQIWLNRF13ESFSSGIERIFLGTHPPGS

* * * *rn **-* rn *0**-- a*** *---**5*
1 Ma EBYLLEGBSLVAPLDITAMLKSGRLEEAAIAWIQWLNVFRDCSFYNAIVCIFT6RNPPBG

11e
421

taS-I ETWSFPHDWDLFKLMSIGSSGFGPVFESBF IEILRLVINGYEENQRI"CPEBI8ELPRRIA
* * * ** *s****** *-*nr rn ***-- -*rn* ** * *--n * * *

. aaM DRWARPEDFELF6SL6IGS6GFLPVFQABFTEILRIIVINSYQSDQRLIPDG IS6LAARLA
241

481
tas-I SEVVNGVSVSQR1CHVQVRAIU KEW. TKIKIIRLKSGISELYDKVVVTS8LANIOLkHCLIC

* * ea* * * *** * * ***rn * ***-r
1 aaM DQSFDGKALRDRVCFSRVGRISREAEl I IQITEAI3EQRVFDRVIVTSSNRAIIWIIHCLTD

301
541

tars-I DTNIFLIAPVNQAVDNSHMTGSS5 LFLMTERKFWLDHILPSCVLMDIAKAVYCLDYEPQD

_aaM SESFLSRDVARAVRETHLTGSSILFILTRTKI-WIKNKLPTT ISDGLVRGVYCLDYOPDE
381

801
tar-I PWNl3KGLVLISYlWEDDSHKLLAVPDIKERLLLLRDAISRSEPAFAQHLFPACADYDQNVI

* * * ** ******* * ** **** * * * * ** * * *- *

L"-n PE68GVVLLSYTWEDDAQKMLAMPD[CKTRCOVLVDDLAAIHPTFASYLLPVDGDYLRYVL
421

881
tasr-iI GHDWL 1 VENAGGI4 LNfkEDFFYSEELF F U ALD1AND1 GVYLA6LSCSI- 1 U6WVEG

UAMn HHDWLTDPHSAGMfI L-NYFiGEDVYSURLFFUPMTANSPNL)TGLYLAGCSC1 Au4iILEi
481

721
tan-I AIU1ACNAVCAI IHNL6(61LAfI3 EHbiWIFI-YNYkTRN.

LAjMI AVUruI-NSALAVl HSI uI SIU*Li)LINAbYRY.
,-.41
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b
tasr- 2 FOLRE"VAI rSLASLEHLKRKDYSCLELVE1L IARLAAIKSLNALLATDWDLLRR6AKK

JA^H MHE II TLESLCIALADGE IAAAELRERALDTEARLARLNCF IREGDAVSGFG

82
t ns-2 I DRHGNAGVGLCGIPLCFKANIAThVVPTSAA1 FAL INHLPKIPSRVAERLFSAGALPSA

&aaH EADHAIKBTPLWGUPVSFKDNICVRGLPLTA67RUiMSGFVSDQDAAIVSQLRAL3AVVAG
81

123
tas-2 SGNIELSFGITSNNYATBAVRNPPDL IP136S&GVAAAVALfLMLGGIGTDTGASVR

L~d KWNNIHELSF6VTSINPHWGTVGNPVAPYCASS8GS VASGIVPLSV6TDTGGS1R
121

163
trn-2 LPAALCSVVGFRPTLGRYP6DRI IPVSPTRDTPGI IAQCVADVVILDF IISGTPER IPPV

Aisti IPAAFCBI TFRPTTGW8TABI IPVSHTKDCVGLLTRTA6DAGFLYGLLSBOISFPLS
181

243
tar-2 PLKBLRIEILPTTYFYDDLDADVALAAETT IRLLANWGVTFVEANIPHLDELNKGASFPVA

AAnH RTAPCRIGLP V8NWSDLD6EVERACVNALSLLRKTI3FEFIEIDDADIVELNQTLTFTVP
241

303
tars-2 LYEFPHALKGYLDDFVKTVSFSDVIKGIRSPHVANIANQIDGHGI8KAEYELARHSFRP

IaalI LYEFFADLAQ8LLSL1W1HBIHHIFAOVDDANVK1 INHHL8EGA6IKPAHYLSSLQNBEL
300

363
tarn-2 RLOATYRNYFKLNRLDAILFPTAPLVSRPIBQDSSVINHNTMLDTFKI YVRNVDPSGNAG

Uk& LKRIMDELFARNIELLBYPTVPCRVPHLDHADRPEFFQAIRNTLASNAMLPSI T IPV
360

423
tes-2 LPGLSIPVYLTPDRLPY9W IDGVADSDQRLLAIBGALEEAIBFRYFAGLPN.

LMtH GPEGRLPVGLSFDALRGRDALLLSRVSAIEQVLGFVRKVLPH11.
420

FIG. 3. Deduced amino acid sequences of the iaaM and tms-I products (a) and of the iaaH and tms-2 products (b). One-letter amino acid
abbreviations are used. Asterisks indicate matching amino acids. (a) Numbers above each line refer to the position of amino acids in the tms-i
sequence; those below refer to iaaM. To obtain maximum homology, gaps have been inserted in the tms-I-encoded sequence at positions
corresponding to positions 90 and 494-496 in the iaaM product. (b) Numbers above each line refer to the position of amino acids in the tms-2
product; those below refer to iaaH. A gap has been inserted in the iaaH-predicted sequence (corresponding to position 251 in the tms-2-predicted
sequence). The tms-i and tm's-2 sequences shown are those determined by Klee et al. (16) for the octopine-type plasmid pTiA6NC from A.
tumefaciens; identical sequences were reported by Gielen et al. (17) for the comparable regions (transcript 1 and transcript 2) of the T-DNA
of the octopine-type plasmid pTiAch5 except that N, R, and P are at positions 718, 719, and 721 in the transcript 1-encoded sequence.

frame sufficient to encode a protein of Mr 61,783, which is
consistent with the apparent Mr of 62,000 estimated for the
monomer of purified tryptophan monooxygenase (29). Sim-
ilarly, the predicted amino-terminal amino acid sequence
(Met-Tyr-Asp-His-Phe-Asn-Ser-Pro-Ser-Ile-Asp-) is in per-
fect agreement with that determined by chemical analysis of
the purified protein. As shown by the coupled in vitro
transcription/translation system, determinants borne on the
DNA fragments sequenced in this study encoded two pro-
teins of molecular weights (62,000 and 47,000) that corre-
spond closely to those determined for the products of iaaM
and iaaH from the deduced amino acid sequences. That the
encoded proteins are tryptophan monooxygenase and
indoleacetamide hydrolase was demonstrated by detection of
their activities in extracts of E. coli transformed with pCP3.

Similarities between the P. savastanoi and crown gall
systems for IAA synthesis are further evident in the nucle-
otide sequence and in the deduced amino acid sequences of
the iaa operon and the tms locus of A. tumefaciens T-DNA.
The strong homology observed in the apparent FAD-binding
domains suggests that the tms-I product is functionally very
similar to the tryptophan monooxygenase from P. savasta-
noi. No similarities are seen in the possible regulatory
sequences of the genes from the two sources. Moreover,
iaaM and iaaH are organized in an operon in P. savastanoi
(35), whereas the comparable genes in T-DNA are
monocistronic (16, 17), as might be predicted, since they
function in the plant cell.

Although tms-2 and iaaH are similar in size, the open
reading frame of tms-i is substantially larger (594 base pairs)

42 * * * 66
IaaM Val Ala le ValaGlyAla Gly Ile Ser Gly Leu Val Ala Thr Glu Leu Leu Arg Ala Gly Val ILys Asp Val

239 * 1 **263
Tins-i Val Ala VlieGly Ala Gly Ilie Ser Gly Leu Val ValI 4Asn Glu Leu Leu His Ala Gly Val Asp Asp Val

5 [ * * * 29* 2

p-HBHPValAla le le GlyAla Gl ro Ser Cy Leu Leu Leu Gly Gln Leu Leu lis Lys Ala G1 Ile Asn

FIG. 4. Amino acid sequence homology between the predicted iaaM product (laaM), the predicted tms-i product (Tms-1), and
p-hydroxybenzoate hydroxylase (p-HBH) at the nucleotide-binding site. The conserved amino acids are boxed. Functionally similar amino acids
are indicated by asterisks.
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FIG. 5. Autoradiograph obtained after NaDodSO4/PAGE of
[35S]methionine-labeled proteins encoded by various plasmids using
the coupled transcription/translation system. Lanes: a, no DNA; b,
pBR328; c, pLUC 2; d, pCP3; e, pCP3AR1 (pCP3 with fragment M
deleted). Positions of iaaM and iaaH gene products (IaaM and IaaH)
are indicated at right. Positions and molecular weights of concur-
rently electrophoresed standards (bovine serum albumin, ovalbu-
min, a-chymotrypsinogen, and 4-lactoglobulin) are at left.

than the open reading frame of iaaM. The significance of the
size differences is unknown, but the additional polypeptide in
the tms-i product may reflect the structural requirements for
its function in the plant cell.

Since tryptophan monooxygenase exhibits broad substrate
specificity for methylated and halogenated tryptophan deriv-
atives (4, 29), IAA+ strains of P. savastanoi are resistant to
tryptophan analogues such as 5-methyltryptophan. IAA-
mutants, which lack tryptophan monooxygenase, are sensi-
tive to 5-methyltryptophan (1). The same phenotype is
exhibited by T-DNA-transformed cultured tobacco cells,
which are more resistant to 5-methyltryptophan than are

nontransformed cells (36). These results suggest that T-DNA-
transformed cells contain tryptophan monooxygenase, which
provides detoxifying activity toward 5-methyltryptophan.
This further argues for the similarity between P. savastanoi
and A. tumefaciens in IAA synthesis and suggests there is a

common origin for the genes encoding the synthetic pathway
for IAA in the two systems.
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