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Bacterial indoleacetic acid (IAA) production, which has been proposed to play a role in the Rhizobium-
legume symbiosis, is a poorly understood process. Previous data have suggested that IAA biosynthesis in
Rhizobium meliloti can occur through an indolepyruvate intermediate derived from tryptophan by an
aminotransferase activity. To further examine this biosynthetic pathway, the aromatic aminotransferase (AAT)
activity of Rhizobium meliloti 102F34 (F34) was characterized. At least four proteins were detected on
nondenaturing gels of F34 protein extracts that exhibited AAT activity. All four of these AATs were
constitutively produced and utilized the aromatic amino acids tryptophan, phenylalanine, and tyrosine as
amino substrates. Two AATs were also capable of using aspartate. Plasmids from an F34 gene bank were
identified that coded for the synthesis of at least three of these proteins, and the respective gene sequences were
localized by transposon mutagenesis. Selected transposon insertions were recombined into the F34 genome to
produce strains defective in two of these proteins (AAT1 and AAT2). Characterization of the mutants revealed
that neither was essential for the biosynthesis of IAA in the absence of exogenous tryptophan, but that both
contributed to IAA biosynthesis when high levels of exogenous tryptophan were present. AAT1 and AAT2 were
also not required for the production of a minimal level of aromatic amino acids, but both were able to scavenge
nitrogen from the aromatic amino acids during nitrogen deprivation. Neither AAT1 nor AAT2 was essential for

symbiosis with alfalfa.

Bacteria in the genus Rhizobium reduce atmospheric
nitrogen to ammonia when they are located in the root
nodules of leguminous plants. The formation of these root
nodules is dependent on a complex series of interactions
between the bacterium and the plant and requires growth
and differentiation on the part of both partners. The plant
growth regulator indoleacetic acid (IAA) has long been
postulated to play a role in one or more aspects of nodule
growth and development (21, 27, 28, 31, 40), and the
detection of increased levels of IAA in nodule tissue sup-
ports this hypothesis (9, 18, 35, 40). Rhizobia are capable of
producing physiologically significant levels of IAA during
free-living growth in the absence of exogenous tryptophan
(Trp) (2, 11, 44) and could conceivably contribute to the
increased IAA accumulation observed in nodules. Recently,
Hunter (19) has demonstrated that nodules induced by an
IAA-overproducing Bradyrhizobium japonicum strain con-
tain a much greater amount of IAA than nodules induced by
the parental strain, providing evidence that the bacterium
can affect nodule IAA levels.

Understanding the biochemical nature of IAA production
in Rhizobium spp. is a first step in determining whether
bacterially produced IAA is involved in nodule develop-
ment. Biochemical evidence supports the hypothesis that the
first step in IAA production by fast-growing rhizobia is likely
to be a transamination of Trp to indolepyruvate (3, 10-12,
14). Indole pyruvate could then either undergo spontaneous
degradation to IAA or be specifically decarboxylated to
indole acetaldehyde and then converted to IAA. No defini-
tive evidence that the indolepyruvate IAA biosynthetic
pathway exists in Rhizobium has been obtained, however,
and nothing is known about Rhizobium tryptophan ami-
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notransferase (TAT), the putative first enzyme in IAA bio-
synthesis.

Aminotransferases that utilize aromatic amino acids in the
presence of a keto acid acceptor have been studied in a
variety of other microorganisms (15, 22, 26, 33, 46). It is
generally found for a microorganism that there are several
proteins capable of aromatic aminotransferase (AAT) activ-
ity, with each protein often able to utilize multiple substrate
amino acids, including all three aromatic amino acids as well
as aspartate (Asp). These AATs, either alone or in combi-
nation with other AATSs, function in a variety of cellular
roles, including biosynthesis of the aromatic amino acids
phenylalanine (Phe) and tyrosine (Tyr), catabolism of amino
acids to provide nitrogen and/or carbon skeletons under
conditions of nitrogen or carbon limitation, and generation of
important secondary metabolites (20).

A detailed study of TAT activity in Rhizobium spp. is
necessary to determine whether such enzymes are involved
in IAA biosynthesis and possibly to generate IAA-defective
mutants for evaluating the role of bacterially produced IAA
in symbiosis. This paper describes a biochemical and molec-
ular characterization of the TATs of Rhizobium meliloti
102F34. As in other bacteria, multiple proteins having AAT
activity were identified on nondenaturing polyacrylamide
gels of crude protein extracts. These proteins were charac-
terized, and the gene sequences for all but one of them were
isolated from an R. meliloti gene bank. To begin to dissect
the cellular functions of these aminotransferase enzymes and
to identify which, if any, are particularly important for IAA
biosynthesis, mutant strains defective in two aminotrans-
ferases were generated and characterized.

MATERIALS AND METHODS

Strains and media. Rhizobium meliloti 102F34 (F34) was
originally supplied by Nitragin Co., Milwaukee, Wis. A
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spontaneous nalidixic acid-resistant (Nal") derivative of F34
isolated in this laboratory was used in these studies. R.
leguminosarum 128C53, R. trifolii 0403, Bradyrhizobium
Jjaponicum 61A76, and B. japonicum USDA110 were sup-
plied by Mac Cantrell, Oregon State University, Corvalis,
and R. leguminosarum UML2 was supplied by Antonio
Leyva, University of Madrid, Madrid, Spain. A Nal" deriv-
ative of Agrobacterium tumefaciens A348, Pseudomonas
aeruginosa PAO1161, P. putida 2440, and Azotobacter vine-
landii UW were obtained from Ross Durland, University of
California, San Diego. Escherichia coli strains used included
HBI101 (pro leu thi lacY endA recA hsdR hsdM ara-14 galK2
xyl-5 mtl-1 supE44 Str"), HB101::Tn5, C2110nal (his rha
polA Nal"), and DG30nal (proA2 aspC13 hisG4 ilvE12 argE3
thi-1 tyrB507 hsdS14 hppT29 lacYl galK2 xyl-5 mtl-1 rpsL31
tsx33 N~ supE44 recB2l recC22 sbcB15 Nal"). DG30 was
obtained from B. Bachmann, E. coli Genetic Stock Center,
Yale University, New Haven, Conn., and a spontaneous
Nal" derivative was isolated. The E. coli ilvE gene sequence
was provided on plasmid pKIA-1 (24) by S. Kuramitsu,
Osaka University, Toyonaka, Osaka. The tyrB gene se-
quence was supplied on pLC28-33 (47), a plasmid from the
Clark and Carbon collection obtained from B. Bachmann, E.
coli Genetic Stock Center.

E. coli, A. tumefaciens, P. aeruginosa, and P. putida were
grown on LB medium (GIBCO Laboratories) and A. vine-
landii was grown on C medium (0.8 mM MgSO,, 1.7 mM
NaCl, 0.25% [wt/vol] yeast extract, 0.05% [wt/vol] casamino
acids, 1% [wt/vol] mannitol). The Rhizobium and Brady-
rhizobium species were maintained on TY medium (6 g of
tryptone and 3 g of yeast extract per liter plus 9 mM CaCl,)
or yeast mannitol broth (YMB) medium (41). The Rhizobium
minimal medium used to select for R. leguminosarum trans-
conjugants was as described by O’Gara and Shanmugam
(32). A modified Rhizobium minimal medium (Rmin) was
used in F34 growth experiments and contained (in grams per
liter) Na,HPO,, 5.8; KH,PO,, 3; NaCl, 5; biotin, 0.0005;
FeCl, - 6H,0, 0.0004; plus 8 mM MgSO,, 0.1% mannitol,
and 0.1% sodium glutamate. Amino acids were included at
50 ng/ml when specified. Nitrogen-limiting Rmin was made
by decreasing the glutamate level in Rmin to 0.01% (wt/vol).
Amino acids were added at 0.1% when included in nitrogen-
limiting Rmin. DG30 minimal medium consisted of medium
E salts (42) supplemented with proline, histidine, arginine,
isoleucine, leucine, valine, Asp, Tyr, and Phe at 50 pug/ml,
asparagine and glutamine at 100 pg/ml, 0.1% glutamate,
0.5% glucose, 0.25% succinate, 0.25% malate, 0.1% 2-
oxoglutarate (2-OG), and 0.0005% thiamine. Antibiotics
were incorporated into selective media at the following
concentrations: nalidixic acid, 10 pg/ml; tetracycline, 15
ng/ml for E. coli and 5 pg/ml for other gram-negative
bacteria; kanamycin or neomycin, 50 pg/ml; gentamicin, 25
ng/ml; carbenicillin, 50 pg/ml; and penicillin, 250 p.g/ml.

AAT assays. An enol-borate spectrophotometric assay
originally described by Lin et al. (29) was adapted for the
determination of total AAT activity in R. meliloti crude
protein extracts. Crude protein extracts of log-phase cells
were generated by sonication in S buffer (20 mM Tris [pH 8],
10 mM EDTA, 10% glycerol, 0.1 mM dithiothreitol, 20 uM

pyridoxal phosphate). The assay mix contained 85 mM Tris

(pH 8.0), 10 mM 2-OG, 10 mM amino acid, and 40 pM
pyridoxal phosphate in a 400-pl final reaction volume. Then,
60 pg of protein extract was preincubated at 30°C with all the
reaction constituents except 2-OG. Addition of 2-OG initi-
ated the reaction, which was allowed to proceed for 20 min
before it was terminated by the addition of 0.1 ml of ice-cold
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20% (wt/vol) trichloroacetic acid (TCA). Samples were in-
cubated on ice for at least 15 min, after which time they were
centrifuged, and 0.25 ml was transferred to 1.2 ml of 2 M
arsenate-1 M borate buffer, pH 6.5. After 15 min, the
arsenate-borate samples were read in the spectrophotometer
to detect the presence of aromatic keto acid-borate com-
plexes. A blank containing the identical reaction compo-
nents, except that protein extract and 20% TCA were added
simultaneously, was used for spectrophotometric calibra-
tion. The molar extinction coefficients used to calculate the
amount of aromatic keto acids produced were 12,700 for
indolepyruvate at 330 nm, 12,400 for hydroxyphenylpyru-
vate at 310 nm, and 9,150 for phenylpyruvate at 300 nm (29).

Individual AAT enzymes were detected by a nondenatur-
ing gel enzyme activity assay. It was found that 9% acryl-
amide gels (acrylamide-bisacrylamide ratio, 30:0.8) contain-
ing 0.375 M Tris (pH 8.3), 0.05% ammonium persulfate, and
0.033% TEMED (N,N,N’,N’-tetramethylethylenediamine)
that were allowed to cure overnight best resolved the AATs
of F34. These gels were run for 1 hin 0.375 M Tris (pH 8.3)
in the cold before the Tris-glycine electrophoresis buffer (1
mM Tris, 76.7 mM glycine, pH 8.3) was substituted, and 100
ng of crude protein extract was loaded in each sample well.
Electrophoresis was done at 150 to 200 V (never exceeding
40 mA) in the cold for approximately 5 h until the dye
reached the bottom of the gel. Gels were stained at room
temperature in the dark for aminotransferase activity. The
staining mixture contained 12.5 mM 2-OG, 0.2 mM pyridoxal
phosphate, 0.6 mM nitroblue tetrazolium, 0.098 mM phena-
zine methosulfate, 0.1 M KH,PO, (pH 7.5), 10 mM amino
acid, 3 mM NAD, 3 to 6 U of glutamate dehydrogenase, and
0.8% agarose in a total volume of 50 ml. When either 2-OG
or the amino acid substrates were omitted from the staining
reaction mix, the darkly stained protein bands indicative of
aminotransferase activity were not detected, confirming that
the assay is specific for aminotransferase enzymes.

Transposon mutagenesis and marker exchange. Plasmids
from the broad-host-range EcoRI F34 gene bank were mu-
tagenized with transposon Tn5 by the procedure detailed by
Ditta (6) or a Tn3 derivative, Tn3HoHo (39). Selected
transposon insertions were introduced into the genome by
homologous double recombination by the technique of
marker exchange as described by Ditta (6).

Plasmid manipulations. Restriction enzymes and T4 DNA
ligase were purchased from Bethesda Research Laboratories
or New England BioLabs and used according to the manu-
facturer’s instructions. Recombinant DNA procedures were
done by the method of Maniatis et al. (30). Plasmids were
mobilized from E. coli HB101 to other hosts by the triparen-
tal mating procedure of Ditta et al. (8). HB101(pRK2073)
was the mobilizing strain.

Southern hybridizations. Genomic DNA was prepared by
the method of Better et al. (4). DNA fragments, electro-
phoresed in 0.8% agarose gels, were transferred to nitrocel-
lulose paper (type HA; Schleicher & Schuell) by the method
of Wahl et al. (43). Colony blots from ordered plates of the
F34 gene bank were prepared by the method of Grunstein
and Hogness (17). DNA probes were labeled with [a-32P]
dCTP (3,000 Ci/mmol) by the nick translation procedure of
Rigby et al. (37). Hybridization of labeled probe to the filters
was done in 50% (vol/vol) deionized formamide-5x SSC (1X
SSC is 0.15 M NaCl and 0.015 M sodium citrate)-100 g of
heparin per ml at 37°C for 18 to 20 h. Low-stringency
hybridizations were carried out by decreasing the formamide
concentration to 46%. Filters were washed after hybridiza-
tion in 2X SSC-0.2% sodium dodecyl sulfate (SDS) three

1sanb Aq 8T0Z ‘6T AInC uo /6io wse ql//:dny wouy papeojumoq


http://jb.asm.org/

5460 KITTELL ET AL.

times at 37°C and one time in 0.1x SSC-0.1% SDS at room
temperature, air dried, and exposed to Kodak XAR or OG
film in the presence of the appropriate intensifying screen at
-70°C.

IAA determinations. IAA levels were quantitated by high-
pressure liquid chromatography (HPLC). Stationary-phase
culture supernatants (25 ml) were acidified with HCI to pH
2.5 to 3 and extracted twice with equal volumes of ethyl
acetate (HPLC-grade; EM Sciences). The solvent fraction
was evaporated to dryness at 40°C under vacuum. The
residue was suspended in 1 ml of methanol, filtered, and
analyzed on a SpectraPhysics model 8750 HPLC equipped
with an ODS Hypersil C-18 reverse phase column (Shandon
Southern Instruments). Isocratic runs of 40% (vol/vol) meth-
anol in 20 mM sodium acetate (pH 3.5) were determined to
best separate IAA from other contaminating compounds.
IAA was detected at 280 nm with a SpectraPhysics UV/Vis
variable-wavelength absorbance monitor. The IAA peak was
quantitated by using indole propionic acid as an internal
standard (1).

Nitrosoguanidine (NG) mutants were rapidly screened for
their IAA production capabilities with Salkowski reagent (2
ml of 0.5 M FeCl;, 60 ml of H,SO,, 100 ml of H,O) (16).
Individual colonies were inoculated into 100 pl of Rmin
supplemented with tryptophan (300 pg/ml) in a UV-sterilized
microtiter dish and grown to stationary phase at 30°C. Then,
100 ul of Salkowski reagent was added directly to each well,
and the intensity of pink color development was observed
after 30 to 60 min.

NG mutagenesis. Cells were mutagenized with NG as
follows. Cultures (10 ml) were grown in Rmin to a Klett
value of 25, harvested and washed four times in 0.1 M citrate
buffer, pH 5.5, and suspended in 10 ml of citrate buffer.
Samples (2 ml) were incubated at 30°C without shaking with
NG (50 pg/ml dissolved in citrate buffer) for 30 or 60 min.
Mutagenized cells were washed twice with 0.1 M KH,PO,
(pH 7) buffer before being grown to stationary phase in
YMB.

NG-mutagenized cells were penicillin enriched according
to the selection scheme imposed on them. Cultures were
grown overnight in YMB, washed repeatedly in saline, and
inoculated at low density into the specified selective me-
dium. Cultures were incubated overnight (at least 2 to 3
generations) before the addition of penicillin (5 mg/ml) and
lysozyme (10 wg/ml), and incubation was continued for 4 to
5 h. The surviving cells were pelleted and washed before
being grown to stationary phase in supplemented medium
and plated onto selective plates. .

Plant tests. The nodulation capabilities of mutant strains
were assessed by inoculation of alfalfa as described previ-
ously (5). Nodulation kinetics and competition experiments
were done as described (B. L. Kittell, D. R. Helinski, and
G. S. Ditta, submitted for publication).

RESULTS

Characterization of AAT activity in F34. Crude protein
extracts of log-phase F34 cultures were examined for total
AAT activity by an enol-borate spectrophotometric assay
(29). AAT activities of similar efficiencies were detected with
each of the aromatic amino acids as amino substrate and
2-OG as the keto acid substrate (Table 1). When these
protein extracts were electrophoresed on nondenaturing gels
and stained for TAT activity, at least four protein bands (Fig.
1, lane 2) that were capable of converting Trp to indolepyru-
vate in the presence of 2-OG could be detected. On some
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TABLE 1. AAT activity of F34 protein extracts

Growth ditions” Sp act (nmol/mg per min)*
rowth conditions

Trp Tyr Phe
Rmin 38 49 53
Rmin + Trp 46 58 71
Rmin + Phe + Tyr 48 61 72
Rmin + Asp 50 61 NT¢
Rmin + 0.01% glucose 38 58 62
Bacteroids 8 12 11

@ AAT activity of F34 protein extracts prepared from log-phase cells or
bacteroids isolated from 6-week-old nodules was determined by a modified
enol-borate spectrophotometric assay. The specific activity is reported as
nanomoles of aromatic keto acid formed per milligram of protein extract per
minute with the designated amino acid substrate and 2-OG as the keto acid
substrate. The specific activities are the mean of two to four experiments. The
standard deviation between experiments done with free-living bacteria aver-
aged 3 and never exceeded 5. The standard deviation between experiments
with bacteroid extracts was 0.7.

? Growth media are described in Materials and Methods. Rmin + 0.01%
glucose is a nitrogen-limiting medium.

< NT, Not tested.

gels, a fifth band, AAT3b, was also detected (Fig. 1, lane 1).
Omitting either Trp or 2-OG from the activity stain com-
pletely eliminated all of the bands. Substitution of either Phe
or Tyr for Trp in the nondenaturing gel-enzyme activity
assay resulted in a staining pattern identical to that seen with
Trp, strongly suggesting that the TAT proteins are more
general AATs. Aspartate aminotransferase activity could be
detected in protein bands that comigrated with AAT1 and
AAT4, suggesting that these two proteins have an even
broader substrate specificity that includes Asp (Fig. 1, lane
4). None of the AATs identified comigrated with aminotrans-
ferases that utilized the branched-chain amino acids, includ-
ing alanine, valine, leucine, and isoleucine, as substrates.
Total AAT activity of protein extracts from cells grown
under conditions that may be expected to induce or repress
one or more of the AATs was determined (Table 1). From
these data, there was no indication that any of the AATSs
were regulated by the presence or absence of substrate
amino acids or by conditions of nitrogen limitation. Nonde-

FIG. 1. TAT activity of F34 protein extracts on nondenaturing
gels. Protein extracts were prepared by sonication, electrophoresed
on nondenaturing 9% acrylamide gels, and stained for aminotrans-
ferase activity. Proteins with aminotransferase activity appear as
dark bands. Lanes 1 and 2, Protein extract from log-phase F34; lane
3, protein extract from F34 bacteroids. Lanes 1 to 3 were stained
with Trp and 2-OG as enzyme substrates. Lane 4, Protein extract
from log-phase F34 stained with aspartate and 2-OG. Positions of
the AAT proteins are shown.
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FIG. 2. Expression of F34 AAT proteins from plasmids in het-
erologous bacteria. Protein extracts were prepared by sonication,
electrophoresed on nondenaturing 9% acrylamide gels, and stained
for aminotransferase activity with Trp and 2-OG as substrates.
Protein extracts from the following cultures are included: (A) Lane
1, F34; lane 2, DG30nal(pAAT1-R1); lane 3, DG30nal(pAAT1-RS);
lane 4, DG30nal. (B) Lane 1, R. leguminosarum(pAATH]1); lane 2,
F34; lane 3, R. leguminosarum; lane 4, R. leguminosarum(pAAT?2).
The locations of the F34 AATs are marked.

naturing gel enzyme activity assays of the different F34
protein extracts confirmed the presence of all of the protein
bands in similar ratios regardless of the conditions under
which the cultures were grown.

Protein extracts prepared from F34 bacteroids isolated
from 6-week-old alfalfa nodules had a fivefold-lower specific
activity than free-living F34 protein extracts (Table 1).
However, the bacteroid protein extracts still displayed five
bands of AAT activity on nondenaturing gels (Fig. 1, lane 3).
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Although the bacteroid protein gel pattern was similar to that
seen with free-living F34 protein extracts, one protein,
AAT3a, appeared to migrate more slowly in the bacteroid
crude extracts. Whether this is because the AAT3a protein
in bacteroids is a different protein or an altered form of the
protein in vegetative cells with a different electrophoretic
migration property is unknown.

Cloning of the aatl gene. To better understand the func-
tions of the various AATs of F34, their corresponding gene
sequences were cloned. The first approach taken to isolate
aat gene sequences involved complementation of E. coli
DG30 (15), a mutant strain defective in all three E. coli AAT
proteins (a Phe, Tyr, and Asp auxotroph), with the F34
EcoRI gene bank. The F34 cosmid bank was transferred by
conjugal mating to a spontaneous Nal" DG30 derivative, and
the transconjugants were plated onto DG30 minimal plates
lacking Phe and Tyr. Two different colony types, large and
small, appeared after 7 to 10 days at 30°C, and representative
clones from each were examined for plasmid content. *

All the large colonies examined contained one of two
different plasmids. These two plasmids, designated pAAT1-
R1 and pAAT1-RS, had a 4.2-kilobase (kb) EcoRlI restriction
fragment doublet in common. When reintroduced into
DG30nal, both plasmids were able to support cell growth on
plates lacking Phe, Tyr, and Asp. Furthermore, protein
extracts from these DG30 transconjugants contained a pro-
tein with AAT activity that comigrated with F34 AAT1 on
nondenaturing gels (Fig. 2A).

The aatl gene sequence was localized by using transposon
mutagenesis and subcloning. Both pAAT1 cosmids were Tn5
mutagenized, transferred to DG30nal, and tested for their
ability to complement DG30 for auxotrophy and to produce
functional AATI protein. Tn5 insertions that resulted in the

NN NN
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A. L | I | | L L
TT 1 1T 1T 1 | T | I |
++ + ++ + + - - -+ + +
NN \
R H
B. L .
T TT | | I
+ ++ - - -+
N\ NN\
R B B B N NS N SN R B R
C. L1 1 T T | I |
T
500bp
—_

FIG. 3. Restriction maps of the cosmids containing F34 aar gene sequences. The restriction maps of the F34 cosmids containing the F34
aat gene sequences are diagrammed. Vertical lines beneath each map designate the location of Tn5 insertions. Tn5 insertions with a + beneath
them did not affect AAT expression; those with a — beneath them eliminated AAT expression. Restriction enzyme sites: B, Bg/II; H, HindIII;
N, Nrul; R, EcoRI; S, Sall; St, Stul; X, Xhol. (A) Restriction map of the 8.4-kb region of DNA sequence overlap between the aat/-containing

cosmids pAAT1-R1 and pAATI1-RS. The bar above the map defines a minimum (solid) and maximum (hatched) sequence required for AAT1

expression. (B) Restriction map of the region of DNA sequence overlap between the three cosmids that carry the aat2 gene sequence. The
bar aboye the map defines a minimum (solid) and maximum (hatched) sequence required for AAT2 expression. (C) Restriction map diagrams
the portion of pAATH] that carries the aat3a and aat3b gene sequence(s). The bar above the map defines the minimum (solid) and maximum

(hatched) regions of homology to aatl as determined by probing Southern blots of plasmid digests with an intragenic aat! fragment.
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FIG. 4. TAT activity in AAT mutants. Protein extracts were
prepared by sonication, electrophoresed on nondenaturing 9%
acrylamide gels, and stained for aminotransferase activity with Trp
and 2-OG as substrates. Protein extracts: lane 1, AAT27; lane 2,
AAT17; lane 3, AAT2/17; lane 4, F34. The positions of the F34
AATSs are marked.

loss of these abilities were assumed to be within the operon
coding for AAT1 and were mapped by restriction enzyme
analysis (Fig. 3A). To verify that these TnS insertions
eliminated AAT1 activity, they were introduced into the
chromosome by marker exchange. Protein extracts from the
chromosomally mutated F34 strains were analyzed with the
nondenaturing gel enzyme activity assay. The AAT1 protein
band was missing from these extracts when the gels were
stained with either Trp (Fig. 4, lane 2), Tyr, or Phe as the
amino acid substrate. The aatl gene sequence boundary was
further localized by subcloning a 4-kb EcoRI-BgllII fragment
from within the EcoRI doublet into pUC18 and demonstrat-
ing that this subclone was sufficient for AAT1 activity in
DG30. Combining these data, a minimum of 950 base pairs
(bp) of DNA essential for AAT1 expression were localized
within a 2-kb maximum boundary (Fig. 3A).

Cloning of the aar2 geme. DG30nal transconjugants that
produced small colonies on plates lacking Phe and Tyr
contained one of three overlapping plasmids, pAAT2-R7,
pAAT2-R8, or pAAT2-R9; these plasmids have a 12-kb
EcoRI fragment in common. When reintroduced into
DG30nal, all the cosmids were able to support cell growth in
the absence of Phe and Tyr but not Asp. Such complemen-
tation was quite weak, however, and suggested that the R.
meliloti gene(s) was poorly expressed in E. coli. Further-
more, when protein extracts of DG30(pAAT2) transconju-
gants were assayed on nondenaturing gels, no AAT activity
could be detected. One of the pAAT2 cosmids was therefore
conjugally transferred to R. leguminosarum UML2 for anal-
ysis, and protein extracts from this species revealed a new
AAT activity comigrating with AAT2 of F34 (Fig. 2B).

The pAAT? plasmids were Tn5 mutagenized, transferred
to DG30nal, and tested for their ability to complement the
DG30 auxotrophy. Mutagenized plasmids that no longer
complemented this auxotrophy were identified, and the
locations of their Tn5 insertions were determined by restric-
tion enzyme mapping (Fig. 3B). Confirmation that these Tn5
insertions eliminated AAT2 expression was obtained by
introducing them into the chromosome by marker exchange
and assaying protein extracts of the mutagenized strains with
the nondenaturing gel enzyme activity assay (Fig. 4, lane 1).
The AAT2 protein band was missing from these extracts
regardless of the aromatic amino acid donor used in the AAT
activity stain. Analysis of these TnS mutants identified a
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minimum 850-bp sequence within a maximum 2-kb sequence
that was required for AAT2 expression (Fig. 3B).

Cloning of the aat3 gene. No other cosmids were identified
from the F34 gene banks that could complement the aro-
matic amino acid or Asp auxotrophy of DG30 despite
repeated screenings. However, when an Xhol-Stul DNA
fragment from within the minimally essential AAT1 region
(Fig. 3A) was used to probe the F34 genome, an additional
band of weak homology was detected. To determine whether
this could be another aat gene, colony blots of the F34 gene
bank were screened with the aatl probe, and a cosmid with
weak homology was identified. This plasmid, designated
pAATHI1, was transferred to DG30nal, and, although no
AAT activity could be detected from crude extracts in
nondenaturing gel enzyme activity assays, there was very
weak complementation of the DG30 aromatic amino acid
auxotrophy. To determine whether this plasmid had gene
sequences for an F34 AAT, pAATH1 was conjugally trans-
ferred to R. leguminosarum UML2, and AAT expression
from protein extracts of the transconjugants was examined
in the nondenaturing gel enzyme activity assay. In this
bacterium, the pAATH1 plasmid was responsible for the
production of two new protein bands with AAT activity (Fig.
2B). One of the bands was coincident with AAT3b, and the
other migrated somewhat faster than AAT3a. Two new AAT
bands were also detected from protein extracts of Agrobac-
terium tumefaciens carrying pAATH1 (data not shown).
From these data, it was concluded that pAATH1 indeed
carried one or more genes for AAT activity and that these
genes likely corresponded to those coding for AAT3a and
AAT3b.

By subcloning the 4.2-kb BgllI fragment of pAATH]1 into
the broad-host-range vector pRK404 (7) and transferring it to
R. leguminosarum for analysis, it was determined that the
coding sequence(s) for AAT3a and AAT3b expression was
localized within this fragment. To further localize the gene
sequences, the region of homology to the internal aat! probe
was defined (Fig. 3C). Transposon mutagenesis confirmed
that this region was responsible for directing expression of
both AAT3a and AAT3b. Two TnS insertions were identified
that resulted in loss of expression of the AAT3a and AAT3b
proteins in R. leguminosarum. The Tn5 insertions were
mapped and, not unexpectedly, found to be within a region
that contained homology to aatl. Each of these TnS inser-
tions eliminated the expression of both AAT3a and AAT3b.
None of the Tn5 insertions examined that mapped within the
4.2-kb BgllI fragment affected expression of only one of the
AAT3 protein bands, suggesting that either AAT3a and
AAT3b are coded for in the same operon and a polar Tn5
mutation in the upstream gene eliminates transcription of
both genes simultaneously or AAT3a and AAT3b are coded
for by the same gene and represent different forms of the
same protein.

Repeated attempts to marker exchange these Tn5 inser-
tions into the F34 chromosome were unsuccessful, possibly
due to noncontiguous and repeated sequences surrounding
this region on pAATH1. Attempts to find other copies of
aat3a and aat3b within the EcoRI cosmid gene bank and
within a BgllI plasmid gene bank (8) were also unsuccessful.

Interspecies homology to aatl. An intragenic Xhol-Stul
fragment of the aatl gene was used as a probe to determine
DNA homology between the three aat gene sequences by
hybridization analyses. Although the aat!/ and aat3 gene
sequences were found to be homologous, no homology
between aatl and aat? could be detected, even at lowered
stringencies. The Rhizobium aatl gene also exhibited limited
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FIG. 5. Homology of the F34 aatl gene sequence to genomic
DNAs from heterologous bacteria. Genomic DNAs were digested
with EcoRlI, transferred to nitrocellulose, and probed with a *2P-
labeled intragenic aatl fragment. Hybridization was done under
low-stringency conditions. Genomic DNAs are from (lane 1) R.
meliloti F34, (lane 2) R. leguminosarum UML2, (lane 3) R. legumi-
nosarum 128C53, (lane 4) R. trifolii 0403, (lane 5) R. phaseoli 8002,
(lane 6) B. japonicum USDA 110, (lane 7) B. japonicum 61A76, (lane
8) R. fredii 193, (lane 9) E. coli HB101, (lane 10) A. vinelandii UW,
(lane 11) P. putida 2440, (lane 12) P. aeruginosa PAO1161, (lane 13)
A. tumefaciens A348.

homology to a DNA fragment carrying the tyrB gene of E.
coli, but was not homologous to DNA containing ilvE, a gene
whose product has both branched-chain and aromatic ami-
notransferase activity in E. coli (data not shown). The aat!
gene sequence was homologous to multiple bands in both
fast- and slow-growing species of Rhizobium and to other
gram-negative bacteria tested, including Azotobacter vine-
landii, Pseudomonas aeruginosa, P. putida, and A. tume-
faciens (Fig. 5).

Characterization of AAT™ mutants. Transposon mutagen-
esis of the aatl and aar2 gene sequences facilitated the
generation of F34 mutant strains AAT1™ and AAT27, de-
fective in AAT1 and AAT2 proteins, respectively, as de-
scribed above. Transposon mutagenesis of pAAT2 was
repeated with Tn3HoHo, a Tn3 derivative that carries a
carbenicillin resistance marker, and a carbenicillin-resistant
AAT?2" strain was generated by marker exchange with the
Tn3HoHo-mutagenized plasmid. By using marker exchange
again to recombine the pAATI1::Tn5 sequence into the
carbenicillin-resistant AAT2~, the double AAT mutant
AAT?2/1~ was constructed. As in the case of the AAT single
mutants, AAT2/1~ was characterized by the loss of the
appropriate AAT protein bands on nondenaturing gels
stained for AAT activity (Fig. 4, lane 3).
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Protein extracts of the AAT mutants were assayed spec-
trophotometrically to determine the relative contribution
that each AAT protein made to the total in vitro AAT
activity (Table 2). As expected, AAT1, the protein that
produced the most intensely staining band in the nondena-
turing gel enzyme activity assay, was responsible for a
majority of the total AAT activity in cell extracts. In the case
of AAT?2, the correlation between protein band intensity in
the nondenaturing gel enzyme activity assay and relative
contribution to total cell AAT activity was not seen, how-
ever, since AAT2™ had total AAT levels equivalent to those
of wild-type F34 even though the protein was absent by gel
assay. While the reason for this is not understood, it is
possible either that AAT2 is actually a minor component of
total AAT activity and its relatively intense staining capabil-
ity is an artifact of the gel assay or that one or more of the
remaining AAT proteins compensates for the absence of
AAT? by increasing its expression correspondingly.

The growth properties of the AAT mutants were also
assessed (Table 2). All of the AAT mutants grew on minimal
medium at rates comparable to wild-type F34, indicating that
neither AAT1 nor AAT?2 is required for aromatic amino acid
biosynthesis. The AAT mutants were defective in their
ability to grow on minimal medium supplemented with the
toxic Trp analog 5-methyl-Trp or 6-methyl-Trp. They were
not altered, however, in their response to a-methyl-Trp.
Under conditions of nitrogen limitation, produced in these
experiments by lowering the glutamate concentration to
0.01%, the growth rate of wild-type F34 was inhibited and
cultures were not able to achieve densities comparable to
those reached under nonlimiting conditions. Although the
generation times were further decreased, F34 cultures grow-
ing in 0.01% glutamate supplemented with aromatic amino
acids were able to reach densities similar to those seen under
nonlimiting conditions, indicating a weak ability to obtain
nitrogen for growth from the aromatic amino acids. When
AAT mutants were grown in 0.01% glutamate, their growth
was similar to F34 under the same medium conditions.
However, the incorporation of Tyr or Phe into this medium
did not enhance culture densities as was seen for the wild
type. In addition, the growth rate of all three AAT mutants
in 0.01% glutamate plus Tyr or Phe was significantly slower
than F34 under the same conditions. The growth rate of
AAT1™ and AAT2/1~ but not AAT2~ was similarly reduced
in medium containing 0.01% glutamate and Trp. These data
suggest that AAT1 and, to a lesser extent, AAT2 can
function to detoxify toxic Trp analogs and to scavenge

TABLE 2. Characterization of F34 and its AAT mutants

Relative AAT Resistance to Trp analogs®

Final culture density© TAA production? (ug/ml)

Strain Al
activity 5-MT 6-MT o-MT +N <N <N + Tyr Trp, Trpso Trpsoo
F34 1.0 ++ +++ +++ +++ + +++ 0.018 0.45 6.5
AAT1™ 0.13 +/- + +++ +++ + + 0.017 0.46 32
AAT2™ 0.99 +/—- + +++ +++ + + 0.017 0.51 4.9
AAT2/1~ 0.26 +/- + +++ +4++ + + 0.017 0.49 2.9

2 AAT activity was determined from protein extracts of AAT mutants grown to log phase in Rmin by the enol-borate spectrophotometric assay. The substrates
were Trp and 2-OG. AAT activity is expressed relative to the level in F34 and as the mean of four experiments.

5 Trp analog resistance was assessed by streaking each strain for isolated colonies and comparing colony sizes after 3 days at 30°C. Trp analogs were
incorporated into Rmin at the following concentrations: 6-methyl-Trp (6-MT), 75 pg/ml; 5-methyl-Trp (5-MT), 200 pg/ml; a-methyl-Trp (a-MT); 200 p.g/ml.
Symbols: +++, wild-type colony size; ++, slightly inhibited; +, strongly inhibited; +/—, barely visible growth.

< Final culture densities were measured after cultures entered stationary phase. Symbols: +++, wild-type density; +, less than half the wild-type density.
Cultures were grown in Rmin (+N); in nitrogen-limiting Rmin (<N); and in nitrogen-limiting Rmin supplemented with Tyr (<N + Tyr).

4 JAA production, was determined by HPLC as described in Materials and Methods. The standard deviations for IAA measurements are: Trp, (Trp at 0 p.g/ml),

+0.005; Trp,o (Trp at 10 pg/ml), £0.10; Trpsgo (Trp at S00 pg/ml), £1.1.
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nitrogen from alternative, less-preferred nitrogen sources
during times of deprivation.

IAA accumulation capabilities of the wild-type F34 and
the various AAT mutants were assessed by HPLC in the
presence and absence of exogenous Trp (Table 2). In the
absence of supplemental Trp, stationary-phase cultures of
F34 accumulated 17 ng of IAA per ml. This amount of [AA
is in good agreement with reported IAA levels in the other
fast-growing rhizobia (2, 11, 44) and is within a range of
concentrations known to affect plant roots (36, 45). IAA
production was markedly increased when Trp was included
in the growth medium, with levels increasing over 380-fold in
the presence of 500 wg of Trp per ml. At high Trp levels, the
AAT mutants were somewhat reduced in IAA production,
with AAT2/1” being the most defective and AAT2™ the least
defective. None, however, were totally deficient in IAA
production. In the absence of exogenous Trp or in the
presence of low levels of supplemental Trp (i.e., 10 pg/ml),
the AAT mutants accumulated IAA at levels equivalent to
the wild type. Therefore, it appears that although the AAT1
and AAT?2 proteins are involved in the synthesis of IAA
when cells are grown in the presence of high levels of Trp,
they are not the primary enzymes responsible for basal-level
IAA production. Likewise, the AAT1™, AAT2™, and AAT2/
1~ mutants cannot be considered IAA-defective mutants
unless the cells are grown in a high-Trp environment.

Because there is evidence that plant root exudates contain
significant levels of Trp (21), it is possible that one or more
of the AAT mutants could exhibit a symbiotically defective
phenotype in the presence of the plant. Therefore, the
nodulation capabilities of the AAT mutants were deter-
mined. All three mutants were able to form wild-type num-
bers of morphologically normal, nitrogen-fixing nodules
when inoculated on alfalfa roots, and the kinetics of nodu-
lation paralleled that of F34. When equal numbers of AAT
mutants and F34 were coinoculated onto alfalfa, the nodule
occupancy ratio was 1:1, indicating that there was no com-
petitive advantage or disadvantage associated with these
mutations. It was therefore concluded, that AATI1™,
AAT2™, and AAT2/1~ were symbiotically equivalent to
wild-type F34.

Other attempts to isolate IAA-defective mutants. Attempts
to isolate IAA-defective mutants from NG-mutagenized pop-
ulations of either F34 or the AAT2/1™ mutant were largely
unsuccessful. Mutagenized cells were initially screened for
increased sensitivity to the toxic Trp analog 6-methyl-Trp,
and potential mutant cultures were tested for IAA produc-
tion by the Salkowski colorimetric assay (16). Mutant can-
didates were obtained from each mutagenized population
that produced significantly lower levels of IAA in the pres-
ence of Trp. Upon further examination, however, it was
concluded that all of the F34 mutants were likely to have
defects in carbon source utilization rather than specific
mutations in IAA biosynthesis, since they grew more slowly
on specific carbon sources. It is possible that IAA produc-
tion in these instances may have been affected because of
limiting 2-OG availability for transamination reactions. De-
rivatives of the AAT2/1” mutant were also identified that
produced significantly less IAA than the wild type when
grown in low levels of Trp. However, none of these showed
defects in AAT activity, and all produced normal levels of
IAA (approximately 18 ng/ml) when grown without Trp
supplementation. Some of the phenotypes characterized
included Trp uptake mutants, a mutant defective in aromatic
amino acid biosynthesis, and a mutant defective in sugar
metabolism.
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DISCUSSION

Crude protein extracts of F34 had an in vitro AAT activity
that utilized all three aromatic amino acids with similar
efficiency. This AAT activity did not appear to be signifi-
cantly regulated by either substrate amino acids or condi-
tions of nitrogen deprivation. Multiple AAT proteins with
relatively broad substrate specificities are commonly found
in procaryotic organisms (20), and F34 is no exception.
Nondenaturing protein gels of the F34 crude extracts iden-
tified four to five protein bands that were able to utilize Trp,
Phe, or Tyr as the amino acid substrate. Two of the proteins
could also use Asp as a substrate. It is not clear why
nondenaturing gels containing F34 extract sometimes de-
tected four proteins with AAT activity and at other times
revealed five. The presence of four or five bands did not
correlate with specific conditions under which the cells were
grown or with any obvious variation in assay conditions. In
Klebsiella aerogenes, the major AAT activity appears to
have as many as three bands of various intensities on
nondenaturing gels, even after purification (34). The variable
F34 band (AAT3b) could similarly be an altered form of
AAT3 whose existence is sporadic. Alternatively, F34 ex-
tracts could have five unique AATSs, one of which is unstable
and therefore only detected occasionally.

The isolation of three unique plasmids capable of directing
the synthesis of different F34 AATs provides direct evidence
for the existence of at least three separate AAT proteins in
F34. Genomic mutations in two of the gene sequences
correspondingly eliminated two of the protein species. One
of the plasmids, pAATH]I, contains gene sequences respon-
sible for the expression of both AAT3a and AAT3b. The
coding sequences for the two proteins are therefore closely
linked, if not identical, and are contained within a single
transcriptional operon. AAT3a and AAT3b may represent
different forms of the same protein. The existence of AAT4
is strongly suggested by the presence on nondenaturing gels
of an AAT protein band not coded for by any of the plasmids
isolated thus far.

TnS and subcloning analyses of pAAT1 defined the mini-
mally required gene sequence for AAT1 expression to be
0.95 kb, with a maximum of about 2 kb. A minimum gene
sequence of 0.85 kb and a maximum 2-kb region were also
determined for AAT2. These sizes are in good agreement
with the gene sequence requirements for the synthesis of E.
coli AATs, which range in size from 927 bp for IIVE to 1,188
bp and 1,181 bp for AspC and TyrB, respectively (12, 23-25).

The aatl gene sequence was homologous to that of aat3,
to a fragment of E. coli DNA carrying the tyrB gene, and to
sequences in other R. meliloti strains (data not shown), other
Rhizobium species of both the fast-growing and slow-
growing varieties, and other gram-negative soil bacteria.
These data suggest that aat/ is a member of a relatively
highly conserved family of bacterial genes, notwithstanding
its apparent dispensability in R. meliloti under laboratory
growth conditions. There appears to be no homology be-
tween aat2 and either aat! or aat3 even though all three
catalyze the same reaction in vitro. It is conceivable that
AAT? has a different cellular function in vivo than do AAT1
and AAT3. In E. coli ilvE, the gene for a branched-chain
aminotransferase that also utilizes Phe as a substrate, also
shows no homology to either tyrB or aspC, the genes for the
two major E. coli AATs in the cell which also share sequence
homology (23-25).

From a characterization of transposon mutants defective
in AAT1, AAT2, or both AAT1 and AAT2, it can be
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concluded that neither AAT1 nor AAT? plays a major role in
symbiosis or in aromatic amino acid biosynthesis. Rather,
AATI1 and AAT? appear to be catabolic enzymes that act to
scavenge nitrogen from less-preferred sources during times
of nitrogen limitation and that can also act to detoxify toxic
Trp analogs. Neither is required for the synthesis of basal
levels of IAA, although both can contribute to IAA biosyn-
thesis when there are high levels of exogenous Trp in the
environment.

The AAT1 and AAT2 mutants that we describe here
confirm that the indolepyruvate pathway for IAA biosynthe-
sis functions in R. meliloti in the presence of Trp. Unfortu-
nately, however, we were unable to ascertain the source of
basal-level IAA production (i.e., in the absence of an exter-
nal Trp supply). A reasonable possibility is that these very
low levels of IAA are also derived from the indolepyruvate
pathway through AAT3 and/or AAT4, the two remaining
AATSs in the AAT2/1™ double mutant. This could occur if
either or both enzymes had significantly lower K,,’s for Trp
than AAT1 or AAT2, enabling them to utilize a limiting
intracellular pool of this amino acid. If both enzymes had
roughly equivalent activities, our failure to isolate either an
AAT3 or AAT4 mutant from a population of AAT2/1™ cells
could be explained by the fact that a single mutant showing
at best a 50% drop in activity probably would not have been
detected with the enrichment and screening procedures
used.

On the other hand, the possibility cannot be eliminated
that low levels of IAA production occur in R. meliloti by an
entirely different biochemical pathway. Recent biochemical
evidence suggests that some strains of B. japonicum can
synthesize IAA by more than one pathway, including a
pathway utilizing an indoleacetamide intermediate (38), sim-
ilar to the pathway utilized by Pseudomonas savastanoi and
the T-DNA loci in Agrobacterium tumefaciens after transfer
to plant cells. However, in the same work these authors
were unable to demonstrate the existence of this pathway in
the F34 strain of R. meliloti or in any other fast-growing
Rhizobium species. Similarly, we have determined by HPLC
analysis that whole cells and crude extracts of F34 are
unable to use indoleacetamide, indoleacetonitrile, or
tryptamine as IAA precursors (data not shown).

Identifying the ultimate source(s) of IAA production in R.
meliloti has proven to be a difficult task. Clearly, the
isolation of additional AAT mutants would be of interest. By
studying such mutants alone and in combination with exist-
ing AAT mutants, it should be possible to resolve the overall
role of the indolepyruvate pathway in IAA biosynthesis. If
indeed a second pathway for IAA biosynthesis was indi-
cated, an AAT-defective strain would be useful in the
investigation of this second pathway, allowing a genetic and
biochemical analysis in the absence of the indolepyruvate
pathway. Additional AAT mutants would also facilitate
further investigation of the role of the individual AATs in
cellular metabolism and perhaps provide insight into why the
bacterium has maintained multiple enzymes that seemingly
have the same function.
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