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The nahR gene of the 83-kilobase naphthalene degradation plasmid NAH7 of Pseudomonas putida encodes a
34-kilodalton polypeptide which binds to the nah and sal promoters to activate transcription of the degradation
genes in response to the inducer salicylate. The DNA sequence of the nahR gene was determined, and a derived
amino acid sequence of the NahR protein was obtained. A computer search for homologous proteins showed
that within the first 124 amino-terminal residues, NahR has approximately 35% identity with the transcrip-
tional activator proteins encoded by the nodD genes ofRhizobium species. Allowing for ultraconservative amino
acid substitutions, greater than 47% overall similarity was found between NahR and NodD, while 32%
similarity was found between NahR and another transcription activator, LysR of Escherichia coli. The region
of greatest similarity among all three proteins contained a probable helix-turn-helix DNA-binding motif as
suggested by homology with the proposed consensus sequence for Cro-like DNA-binding domains. The high
level of amino acid identity between NahR and NodD, in conjunction with the observations that nahR and nodD
are 45% homologous in DNA sequence, are divergently transcribed from homologous promoters near the
structural genes they control, and have similar DNA-binding sites, strongly suggests that these two genes
evolved from a common ancestor.

The 83-kilobase (kb) NAH7 plasmid from the soil bacte-
rium Pseudomonas putida encodes enzymes for the metab-
olism of naphthalene or salicylate as the sole carbon and
energy source (8). The 14 genes encoding the enzymes for
this metabolism are organized in two operons: nah (nahA-F),
encoding six enzymes required for metabolism of naphtha-
lene to salicylate and pyruvate, and sal (nahG-M), encoding
eight enzymes which metabolize salicylate to pyruvate and
acetaldehyde (43). Expression of these enzymes is increased
over 20-fold by growth in the presence of the inducer
salicylate or the nonmetabolizable inducer 2-aminobenzoate
(2). Induction requires the product of only one regulatory
gene, nahR, encoding a 36-kilodalton (kDa) polypeptide (33,
36, 44); it mediates induction by activating transcription
from both the nah and sal promoters (33). NahR activates
transcription from the sal promoter in trans, only in the
presence of salicylate. Deletion experiments have shown
that the sal promoter sequences between -83 and -45 are
required for both DNA binding and transcription activation
by NahR (35, 36). Other experiments have shown that the
NahR protein protects a highly conserved region (-82 to
-47) of both the nah and sal promoters from DNase I
digestion in the presence or absence of salicylate and that
this binding is necessary for transcription activation (35). It
has been suggested that the promoter-bound NahR protein,
upon binding salicylate, undergoes a conformational change
which results in increased transcription from that promoter
(35).
An analogous system is found in another genus of soil

bacteria, Rhizobium. Members of this genus harbor large
megaplasmids encoding gene products which allow these
bacteria to colonize plant roots by formation of symbiotic
root nodules containing nitrogen-fixing bacteroids (21). Ini-
tiation of nodule formation is induced by transcriptional
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activation of at least three plasmid-encoded operons (nod-
ABC, nodFE, and nodH) in response to various signal
molecules in root exudates (12, 24, 28). This induction
requires the product of a regulatory gene, nodD, and specific
flavonoid inducers (24, 37). Recent experiments suggest that
NodD binds specifically to conserved sequences (nod box;
30) located upstream (-80 to -27) of the nodABC, nodH,
and nodFE operons (12, 17); binding apparently does not
require the presence of flavonoid inducers.

Present knowledge of the structure and mechanism of
action of procaryotic transcriptional activator proteins is
derived from a few Escherichia coli proteins which have
been intensely studied by genetic, biochemical, and biophys-
ical methods. Many other positive regulatory gene products
are more poorly understood at the molecular level because
they are less amenable to such analysis. However, deriva-
tion of amino acid sequences from DNA sequence analysis
followed by computer searches for homologies with previ-
ously characterized proteins has provided insight into struc-
ture-function relationships and possible mechanisms of ac-
tion of regulatory proteins. Thus, to gain insight into the
evolution and mechanism of action of NahR, we determined
its DNA sequence and derived from it the amino acid
sequence of its activator product. A computer search for
proteins homologous to NahR revealed a striking similarity
between NahR and an identically sized transcriptional acti-
vator encoded by the nodD genes of Rhizobium species. The
search also found that NahR is partially homologous to the
LysR activator of E. coli and that NahR is a member of the
LysR family of procaryotic transcriptional activator proteins
recently described by Henikoff et al. (16).

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains used in
this study were E. coli JM101 and E. coli JM83 (42).
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FIG. 1. Physical map and location of nahR. Upper portion shows the approximate location of the transcripts (-- - - >) and genes (from data
in references 15 and 43) of the nah operon (nahABCFDE), the sal operon (nahGHINL), and nahR on the 23-kb EcoRI fragment of plasmid
NAH7 cloned on plasmid pKGX505 (32). The nah promoter is indicated by an open circle and the sal-nahR promoters are indicated by a solid
box. The middle section shows the restriction endonuclease cleavage map of pMS15, the location of the nahR transcript (+- - - -), and the
divergent sal transcript (nahG ---). Strategy for sequencing nahR (solid arrows) is shown under the pMS15 map. Restriction
endonuclease cleavage sites are designated as follows: R, EcoRI; X, XhoI; A, SmaI; B, BglII; H, Hindlll; Z, SphI; T, StuI; L, Sall; P, PstI;
E, EagI.

Plasmids used were pMS10 (35), pMS15 (36), and pTZ18U/
19U (5, 23).

Construction of plasmids. All plasmids used for DNA
sequence determination of nahR were derived by subcloning
restriction fragments from the NAH7-derived inserts on
pMS15 and pMS10 into pTZ18U or pTZ19U vectors (5, 23)
(United States Biochemical Corp., Cleveland, Ohio) and by
subsequently making restriction fragment deletion deriva-
tives of the nahR subclones. Methods used for subcloning
and deletion were standard and have been described previ-
ously (22, 32, 33).
DNA-sequencing procedures. DNA sequence determina-

tion was by the dideoxy-chain termination method of Sanger
et al. (31) utilizing a kit (no. 410) from New England
BioLabs, Inc. (Beverly, Mass.) with [a-35S]dATP (Amer-
sham Corp., Arlington Heights, Ill.) and pTZ18U/19U nahR
subclones by the strategy shown in Fig. 1. Single-stranded
template DNA was prepared from E. coli JM101 containing
the pTZ subclones after infection with the helper bacterio-
phage M13K07 by the method recommended by the United
States Biochemical Corp. In some cases, deaza-GTP (Boehr-
inger Mannheim Biochemicals, Indianapolis, Ind.) was used
in sequencing reactions to reduce G+C compression. The
entire nahR DNA sequence derived from pTZ18/19U sub-
clones utilizing the M13 sequencing primer (no. 1212; New
England BioLabs) was rechecked utilizing nahR-specific
17-mer oligonucleotide primers derived from preliminary
sequence data and synthesized on a Applied Biosystems
380A DNA synthesizer. The DNA sequence of the 1.5-kb
DNA fragment between the EagI and left terminal HindIlI
sites of the NAH7-derived insert on pMS15 was sequenced
on both strands except for the 70 base pairs (bp) upstream of
the SphI site and the last 300 bp upstream of terminal
Hindlll site, 150 bp downstream of the end of nahR coding
region. The 280-bp DNA sequence of the region upstream of
the Sall site of the NAH7 insert on pMS15 (into nahG) was
reported previously (34).
Computer analysis of nucleotide and protein sequences.

Analysis of the nahR DNA sequence and NahR protein

sequence was performed with the Pustell sequence analysis
programs (Version 5.1) from International Biotechnologies,
Inc. (New Haven, Conn.). The initial computer search for
homologous proteins was performed by the FASTP method
of Lipman and Pearson (20) on the Protein Identification
Resource of the National Biomedical Research Foundation
(4,253 sequences; 1,029,056 residues). Later searches were
performed against procaryotic and viral DNA sequences in
the GenBank (1987 update; 4,993,541 residues) with the
Cyborg database manager (Version 1.8) of International
Biotechnologies, Inc.

RESULTS

DNA sequence analysis and derivation of NahR amino acid
sequence. Previous experiments with plasmid pMS15 (Fig. 1)
showed that nahR was contained within a 1.5-kb PstI-partial
HindIII fragment derived from plasmid NAH7 (36). The
nahR promoter, transcription start site, and putative amino-
terminal (N-terminal) amino acid sequence had been previ-
ously localized on this fragment near the Sall site (34). Thus,
we subcloned the 1.45-kb region downstream of the nahR
transcription start site and determined its DNA sequence by
the strategy shown in Fig. 1. The resultant DNA sequence
(Fig. 2; GenBank accession no. J04233) has only one open
reading frame (ORF) that is longer than 90 residues and
begins within 350 bp of the nahR transcription start site. This
ORF begins at nucleotide 55, 5 bp downstream from a
possible ribosome-binding site (i.e., a 7-bp sequence with
significant homology to Pseudomonas aeruginosa 16s
rRNA) (34). The ORF terminates at nucleotide 955, giving
the encoded polypeptide (300 amino acids) a calculated
molecular mass of 34 kDa, a size within 3% of the observed
size of the NahR polypeptide detected in E. coli maxicells
(36). Insertion of termination codons into the SphI or SspI
sites near the carboxy terminus (C terminus) of the NahR
ORF (Fig. 2) resulted in synthesis of nearly full length NahR
proteins which were dramatically reduced (>15-fold) in their
ability to specifically bind to the NahR-binding site of the sal
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TAT TGA TAA ATA CAC CAC TCG ATA TAT AAT AAA TCA TCA ACA TGA ATA TTG CGC CCG

50
Eag * 0 00 o* A* wla

GCC GGG CAC CAG CAA TAA CCC AAG CGA GGC CCC ATG GAA CTG CGT GAC CTG GAT TTA
Met Glu Lou Arg Asp Lou Asp Lou 8

100
t * * SSat * *

AAC CTG CTG GTG GTG TTC AAC CAG TTG CTG GTC GAC AGA CGC GTC TCT ATC ACT GCG
Asn Lou Lou Val Val Phe Asn Gln Lou Lou Val Asp Arg Arg Val Sor Ile Thr Ala 27

150
* * * * * *

GAG AAC CTG GGC CTG ACC CAG CCT GCC GTG AGC AAT GCG CTG AAA CGC CTG CGC ACC
Glu Asn Lou Gly Leu Thr Gln Pro Ala Val Ser Asn Ala Lou Lys Arg Lou Arg Thr

200
* $ * * *

TCG CTA CAG GAC CCA CTC TTC GTG CGC ACA CAT CAG GGA ATG GAA CCC ACA CCC TAT
Ser Leu Gln Asp Pro Lou Pho Val Arg Thr His Gln Gly Met Glu Pro Thr Pro Tyr 65

250 300
* * * * * *

GCC GCG CAT CTG GCC GAG CCC GTC ACT TCG GCC ATG CAC GCA CTG CGC AAC GCC CTA
Ala Ala His Lou Ala Glu Pro Val Thr Sor Ala Mot His Ala Lou Arg Asn Ala Lou

350
HLndllHl *lll

CAG CAC CAT GAA AGC TTC GAT CCG CTG ACC AGC GAG CGT ACC TTC ACC CTG GCC ATG
Gln His His Glu Sor Ph. Asp Pro Lou Thr Sor Glu Arg Thr Ph. Thr Leu Ala Met 103

1*00
* 09.lLI * *B *

ACC GAC ATT GGC GAG ATC TAC TTC ATG CCG CGG CTG ATG GAT GTG CTG GCT CAC CAG
Thr Asp Ile Gly Glu Il Tyr Ph. Met Pro Arg Lou Met Asp Val Lou Ala His Gln

650
* * * * * StuI

GCC CCC AAT TGC GTG ATC AGT ACG GTG CGC GAC AGT TCG ATG AGC CTG ATG CAG GCC
Ala Pro Asn Cys Val Il Sor Thr Val Arg Asp Ser Sor Met Ser Leu Met Gln Ala 141

500
* * * * * *

TTG CAG AAC GGA ACC GTG GAC TTG GCC GTG GGC CTG CTT CCC AAT CTG CAA ACT GGC
Lou Gln Asn Gly Thr Val Asp Lou Ala Val Gly Lou Leu Pro Asn Lou Gln Thr Gly

550
* t*INaell* * V,Ill * * *

TTC TTT CAG CGC CGG CTG CTC CAG AAT CAC TAC GTG TGC CTA TGT CGC AAG GAC CAT
Pho Ph. Gln Arg Arg Lou Lou Gln Asn His Tyr Val Cys Lou Cys Arg Lys Asp His 179

600
* * * * *

CCA GTC ACC CGC GAA CCC CTG ACT CTG GAG CGC TTC TGT TCC TAC GGC CAC GTG CGT
Pro Val Thr Arg Glu Pro Lou Thr Lou Glu Arg Phe Cys Ser Tyr Gly His Val Arg

650 700
* * * * * *

GTC ATC GCC GCT GGC ACC GGC CAC GGC GAG GTG GAC ACG TAC ATG ACA CGG GTC GGC
Val Ile Ala Ala Gly Thr Gly His Gly Glu Val Asp Thr Tyr Met Thr Arg Val Gly 217

750
* * * * * *

ATC CGG CGC GAC ATC CGT CTG GAA GTG CCG CAC TTC GCC GCC GTT GGC CAC ATC CTC
Ile Arg Arg Asp Ile Arg Lou Glu Val Pro His Phe Ala Ala Val Gly His Ile Lou

800
* * $ * *

CAG CGC ACC GAT CTG CTC GCC ACT aTG CCG ATA CGT TTA GCC GAC TGC TGC GTG GAG
Gln Arg Thr Asp Leu Leu Ala Thr Val Pro Iie Arg Leu Ala Asp Cys Cys Val Glu 255

850
* * * * * *

CCC TTC GGC CTA AGC GCC TTG CCG CAC CCA GTC GTC TTG CCT GAA ATA GCC ATC MAC
Pro Ph. Gly Lou Ser Ala Lou Pro His Pro Val Val Lou Pro Glu Ile Ala Ile Asn

900
* Sphl* * * SpI * *

ATG TTC TGG CAT GCG AAG TAC CAC AAG GAC CTA GCC AAT ATT TGG TTG CGG CMA CTG
Met Phe Trp His Ala Lys Tyr His Lys Asp Lou Ala Asn Iie Trp Leu Arg Gln Lou 293

950 990
* * * * * $

ATG TTT GAC CTG TTT ACG GAT TGA GAM AAA ATC CGA GCC GAT CAA TGT GAT GGG CAG
Met Phe Asp Lou Phe Thr Asp ---

FIG. 2. Nucleotide sequence of nahR and derived amino acid sequence of NahR protein. Nucleotide sequence (5'-*3'; noncoding strand)
starts at the -35 sequence of the nahR promoter (28 bp upstream of the divergent transcription start site of the sal operon [34]). Promoter
elements (-35 and -10 sequences) are overlined. Nucleotide numbering (on top of sequence) begins with transcription start site of nahR (+1,
); asterisks are placed every 10 bp; possible ribosome-binding site of nahR is indicated by open circles near nucleotide 50. Amino acid
residue numbers of the NahR protein for last residue on that line are on the right. The nucleotide sequence of the NAH7 DNA following the
nahR coding region (nucleotides 991 to 1446) up to the terminal HindIll site of pMS15 was determined but is not shown.
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50
0 0 00 .00 0 0 000 0 0o0 00 0

NahR MELRDLDLNLLVVFNQLLVDRRVSITAENLGLTQPAVSNALKRLRTSLQDPLFVRTHQGME
* * ******* ** ***** * * ***** * ** **** * ** *

NodD MRFRGLDLNLLVALDALMTERKLTAAARRINLSQPAMSAAIARLRTYFGDELFSMQGRELI

100
00 0 0 0 0 0 0 .0 0
PTPYAAHLAEPVTSAMHALRNALQHHESFDPLTSERTFTLAMTDIGEIYFMPRLMDVLAHQAP
*** * ** * ** * * * * *** *.* *** * * ** * ** **

PTPRAEALAPAVRDALLHIQLSVIAWDPLNPAQSDRRFRIILSDFMILVFFARIVERVAREAP

150
NCVISTVRDSSMSLMQALQNGTVDLAVGLLPNLQTGFFQRRLLQNHYVCLCRKDHPVTREPLT

***** *** **** * **

GVSFELLPLDDDP-HELLRRGDVDFLIFPDVFMSSAHPKAKLFDEALVCVGCPTNKKLLGNIS

200
LERFCSYGHVRVIAAGTGHGEVDTY-MTRVGIRRDIRLEVPHFAAVGHILQRTDLLATVPIRL
* * *** ** * * * * * ** * * ** * ********

FETYMSMGHVAAQFGREMKPSVEQWLLLEHGFNRRIELVVPGFTLIPRLLSGTNRIATLPLRL

250 300
ADCCVEPFGLSALPHPVVLPEIAINMFWHAKYHKDLANIWLRQLMFDLFTD

* * ** * * * ***** ** *

VKYFEQTIPLRIVTSPLPPLFFTEAIQWPALHNTDPGNIWLREILLQEASRIDPQSDTC

FIG. 3. Homology between NahR and NodD proteins. The derived amino acid sequences of NahR (upper lines) and NodD from R. meliloti
(9) (lower lines) are presented in single-letter code aligned by the N termini. Asterisks indicate identical-similar residues (see text). Similar
residues found in NodD, NahR, and LysR are indicated (0). Dots are placed every 10 residues.

promoter; this provides further evidence that the 34-kDa
ORF is NahR (M. Schell and P. Brown, unpublished data).
The amino acid composition of the polypeptide encoded

by the NahR ORF is similar to the composition expected for
a procaryotic protein (7) except that it contains 60% more
leucine but 40% less isoleucine than average. NahR contains
80% less lysine but 60% more arginine than the average
protein (7) and has a calculated pI of 6.8. The G+C content
of the NahR-coding region (60%) is similar to that found for
the P. putida chromosome (26) and the NAH7 plasmid (R.
Farrell, Ph.D. thesis, University of Illinois, Urbana, 1979).
Codon utilization is typical for a P. putida gene in that U and
A, especially at the third position, are uncommon (25). For
example, GUA (Val), GGU (Gly), and UCA (Ser) are not
used in NahR, whereas they are fairly common in E. coli
(25); GUU is used once in 23 valine codons and AAA is used
once in 4 lysine codons, whereas in E. coli these are the
preferred codons. All data strongly suggest that the 34-kDa
ORF is the NahR polypeptide.
Homology between NahR and NodD. The Protein Identifi-

cation Resource of the National Biomedical Research Foun-
dation was searched for proteins with homology to the
derived amino acid sequence of NahR. Initially, two proteins
with significant amino acid homology to NahR were de-
tected: NodD (9) and LysR (39). A more extensive search of
the Genbank for coding sequences homologous to NahR
identified 15 putative proteins with homology scores greater
than 122 (Hatch level 2; modified PAM250 matrix). The top
seven scores were for NodD proteins from different Rhizo-
bium species. Although the three highest scores (430, 425,
and 418) were for NodDs from the broad-host-range Rhizo-
bium strain MPIK3030 (18), Bradyrhizobium strain ANU289
(1), and Rhizobium leguminosarum (37), respectively, the
greatest homology and best alignment with the least gaps
was for NodD from Rhizobium meliloti (9). Significant
homology with LysR, LeuO (16), and IlvY (16) was also
detected. Homology between NodDs and LysR has been

described previously (1, 16). All these proteins (except
LeuO) are nearly identical in size (305 + 10 amino acids) and
have been reported to be transcriptional activators of diver-
gently transcribed structural genes (16, 33).
The aligned amino acid sequences of NodD and NahR are

shown in Fig. 3 with identities and similarities marked.
Amino acid similarities refer to nonidentical pairs of amino
acids which are interchangeable in many proteins since they
represent amino acid substitutions which occur frequently in
evolution (4). The only pairs of similarities used here (I = L;
S = T;.V = L; M = L; V = I; D = E; K = R) represent seven
of the most frequent substitutions occurring in nature; their
scores in the PAM250 matrix of Dayhoff (4, 7) are only 50%
less than the score for identity. Henceforth, the term simi-
larity will be used to refer to the sum of both amino acid
similarities and identities.
The homology between NodD and NahR is striking (Fig.

3). The two transcriptional activators differ in size only by
the 8 additional residues at the C terminus of NodD, and
within the first 125 residues the two proteins are 36%
identical and 52% similar. In comparison, the identity be-
tween different NodD proteins encoded by genes from
different Rhizobium species is 70% within the first 125
residues (1). Homology between the last 175 residues of
NahR and NodD is less (32% similar, 23% identical) and is
concentrated in four regions: (i) residues 186 to 199 with 54%
similarity, (ii) residues 220 to 249 with 62% similarity, (iii)
residues 277 to 295 with 55% similarity, and (iv) between
residues 142 and 173 with 30% similarity. Although between
residues 250 and 276 there is almost no similarity, this region
of both proteins is very hydrophobic as measured by the
method of Kyte and Doolittle (19).
Comparison of the amino acid sequence of NahR with that

of LysR shows much less homology (22% identity, 36%
similarity) within the first 125 N-terminal residues; similarity
between the second halves of the proteins is low and diffuse
(data not shown). A three-way comparison between the first
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+++ .+ +

Cro QTKTAKDLGVYQSAINKAIHAGR
* ** *** *** ** *

NahR VSITAENLGLTQPAVSNALKRLR
* * * * *** ** *

NodD LTAAARRINLSQPAMSAAIARLR

CONSENSUS xoxxcA+xhxxoQxAhxxAhxxxR

* ** * *** ** * *

LysR LTEAAHLLHTSQPTVSRELARFE

FIG. 4. Comparison of common domains from NahR, NodD,
and LysR with DNA-binding domain of Cro. Amino acid sequences
(single-letter code) of the common domain of NodD and NahR
(residues 23 to 45) are aligned with t4e HTH DNA-binding domain
of Cro (residues 16 to 38). Residues implicated in DNA binding by
Cro are marked (+); residues similar to those of Cro are indicated
(*). Below is a suggested consensus sequence for the common

domain in Cro, NahR, and NodD; o, residue with hydroxyl R group;
+, charged residue; h, hydrophobic residue; x, no preference. The
common domain of LysR (residues 21 to 43) is shown below;
residues similar to the suggested consensus sequence or present in
both NahR and NodD are indicated (*).

125 residues of NahR, NodD, and LysR utilizing our strin-
gent similarity rules (Fig. 3) showed that although the overall
similarity among all three proteins in this regidn was only
21%, one domain (residues 23 to 45; "common domain")
showed a high degree of similarity (40%) in all three tran-
scriptional activators.

Identification of possible DNA-binding domain. The region
which was 40% similar in NodD, NahR, and LysR (common
domain; Fig. 4) was examined in more detail. Since all three
proteins activate transcription, they are probably DNA-
binding proteins, and it is possible that the common domain
is involved in DNA binding. Prediction of the probable
secondary structure of each of the common domains by the
method of Chou and Fasman (3) indicated possible a-helical
structure. Furthermore, all three regions show evidence for
existence of a helix-turn-helix (HT14) motif when analyzed
by the rules of Pabo and Sauer (27). The HTH motif is often
found in DNA-binding proteins, and in some cases, it has
been shown that it contains the amino acid residues which
physically interact with the nucleotides of t4le DNA-binding
sites (27). Comparison of the common domains of NodD and
NahR with the DNA-binding domain (i.e., HTH) of the A
Cro protein showed 45 and 55% similarity, respectively (Fig.
4). Analysis of these regions for an HTH structure by the
numerical method of Dodd and Egan (6) also suggested a
reasonable probability that the common domain is a Cro-like
DNA-binding motif (Dodd-Egan scores: NahR, 1,171;
NodD, 749; LysR, 1,475; Cro, 1,699). Both NahR and NodD
have Gln (Q) at position 34, Arg (R) at position 45, and a
residue containing a hydroxyl R group at position 33 in the
common domain; these residues are also found at the same
positions in the Cro HTH and have been implicated in its
interactions with its DNA-binding site (27). The DNA se-

quence of the Cro consensus binding site and the central
portion of the NahR consensus binding site are also very

similar (Fig. 5), providing further evidence that the common
domain could be involved in DNA binding. Recently, Heni-
koff et al. (16) have independently come to a similar conclu-
sion about the common domain of LysR and NodD. Our data
and those of Henikoff suggest that these proteins utilize a

Cro-like mechanism for DNA binding. However, most of the
evidence is circumstantial, and it will be necessary to use

NahR TATTCA-CGCTGGTGATA
*** ** *** *******

Cro TAT-CACCGCCGGTGATA
FIG. 5. Comparison of DNA-binding sites of NahR and Cro.

Shown are the DNA sequences (5'--3') of the consensus binding site
of X Cro protein (27) and the central portion (nucleotides -75 to
-59) of the NahR binding site (35) of the nah operon promoter.
Homologous nucleotides are marked (*).

site-directed mutagenesis to alter the amino acid sequence of
these domains to define the role of this domain in DNA
binding.
DNA homology between nahR and nodD and their target

sites. The NahR-NodD amino acid sequence homology sug-
gests parallel evolution or a common precursor. Comparison
of the DNA sequences of the two genes suggests common
ancestry since the coding regions of nodD and nahR are 45%
homologous in DNA sequence with few gaps (data not
shown). In addition, the 23-bp sequences (-18 to +5)
surrounding their transcription start sites are nearly 70%
homologous (Fig. 6A). The observation that both nodD and
nahR are divergently transcribed from start sites near the
promoters of one set of structural genes they control pro-
vides further suggestive evidence for a common ancestor. In
fact, the transcription start sites of the regulatory and
structural genes are so close (50 bp for nahR and 20 bp for
nodD) that the promoters for the regulatory and structural
genes partially overlap (Fig. 6A), suggesting a potential for
simultaneous regulation. The LysR system apparently has a
similar divergent promoter organization (39, 40).
Comparison of the upstream sequences of a NahR-regu-

lated promoter (nah) and a nodD-regulated promoter (nodH)
(13) aligned by their transcription start sites showed exten-
sive homology betweeh -80 and -70 (Fig. 6B). The 7-bp
sequence TATTCAC is found at the same location in both
promoters. This 7-bp sequence is part of the nah promoter
region that is protected from DNase I by the NahR protein
(35) and part of the conserved nod box sequences of the
nodl promoter which are probably involved in NodD bind-
ing (12, 13, 17). In addition, mutation of nucleotide 2 or 3 in
the TATTCAC sequence eliminates NahR binding and acti-
vation of a NahR-regulated promoter (35). Other promoter
sequence homologies are evident (GAT at -60; TNCAA at
-49; TTNACNAAT at -35) and are separated by approxi-
mately one helical turn, placing them in adjacent grooves on
one face of the helix. These results suggest that NodD and
NahR have similar DNA-binding sites and utilize similar
mechanisms to recognize, bind to, and activate the promot-
ers they control. A consensus binding site sequence for
NahR-regulated promoters is very similar to one derived for
an analogous location in three NodD-regulated promoters
(Fig. 6C) and the Cro binding site (Fig. 5). However, under
conditions in which we observed binding of NahR to one of
its regulated promoters, we were unable to detect binding of
NahR to a NodD-regulated promoter (nodA) (data not
shown). Further experimentation is required to clarify these
apparent binding site homologies.

DISCUSSION

DNA sequence analysis of the nahR gene detected a
34-kDa ORF which probably represents the amino acid
sequence of the NahR protein. This amino acid sequence has
extensive homology with the derived sequences of the NodD
proteins of Rhizobium species and lower but significant
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Transcription Start Sites

47 bp * * * ***** * ** *** ** 46 bp
sal +1 < ----GATATATAATA--AATCATCAACAT--------> ATG nahR

+1-->
3 bp 52 bp

nodA +1 <--------GTTCTCTAATAGGACTCTGCAAGAT--------> ATG nodD

B
nah

nodH

Binding Sites

CGCAGTATTCACGCTGGTGATAAACAAATTCAACTATGCTTTATTGACAAAT
* ** ******* *** * ** ** ** ***

CTCA-TATTCACAGGCTGGATCCCTCTCATAAAAACAATCGATTTTACCAAT

-81. -30

Consensus Binding Site

00 0

NahR CGCAnTATTCAyGyTGuTGATnnAnnAnnTnnn
* ******* *** *

NodD nnnu-yATyCAynnnnyuGATnnnnnnnATnnA

-80 -48
FIG. 6. DNA sequence homology between the transcription start sites and DNA-bindirig sites of NahR and NodD. (A) The 23-bp DNA

sequence surrounding the transcription start sites (+ 1 - - -3) of nahR (34) and nodD (11) aligned by the start sites. Homologous nucleotides
for panels A, B, and C are indicated (*). Distances to the ATG start codons of each gene and distances to the transcription start site of the
divergently transcribed structural genes (+1) are also indicated. (B) Upstream promoter sequences (ca. -80 to -30; aligned by the
transcription start sites) of the nah operon and nodH gene. (C) Consensus sequences for upstream promoter regions (-80 to -48) for
NahR-regulated promoters (nah and sal) and NodD-regulated promoters (nodFE, nodH, nodABC) (13). Nucleotides required for NahR
activation of NahR-regulated promoters (35) are indicated (0). n, No nucleotide preference; y, pyrimidine; u, purine.

homology with the LysR gene product of E. coli. All three of
these proteins are nearly identically sized transcriptional
activators, and it is likely that the regions of greatest
similarity between them represent protein domains involved
in common functions (e.g., DNA binding or transcriptional
activation or both). The amino acid sequence of the domain
of NahR containing the region of greatest similarity between
the three proteins (common domain; residues 23 to 45) had a

protein sequence which was very similar to the amino acid
sequence of the HTH DNA-binding motif of the lambda Cro
protein. In addition, the common domains from all three
proteins showed good fit to the consensus sequence pro-
posed for HTH DNA-binding motifs (6, 27).

Just prior to submission of this manuscript, Henikoff et al.
(16) reported discovery of a famnily of procaryotic transcrip-
tional activators evolutionarily related to LysR. This family
included the NodD proteins and seven other proteins or
ORFs (LysR, IlvY, LeuO, CysB, MetR, AmpR, AntO), all
of which are approximately 300 residues in size and most, if
not all, of which are transcriptional activators of divergently
transcribed structural gehes. Comparison of the NahR pro-
tein sequence with the Henikoff consensus sequence for this
protein family clearly showed that NahR is a member of the
family (42% similarity in the first 150 residues; 32% similarity
overall). However, NahR has much greater similarity to the
NodD proteins and LeuO ORF than to any other family
members, suggesting the possible existence of a subfamily
within the LysR family of transcriptional activators. In
addition, by analysis of the regions of greatest sequence
similarity, Henikoff et al. (16) independently concluded that
what we refer to as the common domain of NahR, LysR, and
NodD contains an HTH motif and is probably involved in
DNA binding. In support of our HTH hypothesis, we have
isolated activation-deficient mutants of nahR and shown that

several of these NahR proteins which are defective in
binding to the sal promoter are also altered at amino acid
positions in the proposed HTH region (M. A. Schell, P.
Brown, and S. Raju, manuscript in preparation). Burn and
Johnson (Proceedings of the 4th International Symposium on
Plant-Microbe Interactions, May 1988) have obtained similar
preliminary results with the HTH of NodD protein.
Comparison of various features of the nodD and nahR

regulons provides a significant amount of circumstantial
evidence suggesting that the nodD gene of Rhizobium spe-
cies is evolutionarily related to the nahR gene of Pseudomo-
nas species. The similarities in DNA and amino acid se-
quence, function, promoter structure and organization,
target site, autoregulation (17, 35), and plasmid location
strongly suggest that nahR and nodD share a common
ancestor. The NodD protein has apparently evolved into a
variety of different NodDs present in various Rhizobium
species. Each NodD protein responds to different flavonoids
in root exudates of specific host plants and probably influ-
ences host range by its recognition specificity for molecules
in root exudates (29, 38). While all NodD proteins have very
similar N-terminal amino acid sequences, the C-terminal
halves diverge substantially. Horvath et al. (18) have shown
that inducer recognition specificity of NodD probably lies in
the C-terminal domain; therefore, the C-terminal divergence
of NodD is probably the result of the evolution of different
recognition specificities. Since NahR shows the same pat-
tern of homology and divergence with NodD, it is possible
that NahR is a divergent form of NodD with recognition
specificity for salicylate. In support of this idea, the NahR
inducer molecule salicylate is vaguely similar in structure to
portions of some flavonoid inducers ofNodD proteins in that
both contain hydroxylated aromatic rings. All these obser-
vations are consistent with the proposal that NahR and
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NodD evolved from a common ancestral transcriptional
activator gene. Evolutionary relatedness of nahR and nodD
is not unexpected since genetic exchange between Rhizo-
bium species, Pseudomonas species, and other bacteria in
the rhizosphere is probably extensive, and the fact that both
these genes are plasmid borne may have facilitated evolution
of the genes.
Other NAH7 plasmid genes have been shown to have

extensive DNA and protein sequence homology with genes
of similar function on another degradative plasmid (TOL
pWWO) found in Pseudomonas species. Harayama et al. (15)
have shown that the nahH gene-gene product (which is part
of a nahR-regulated transcript) has g0% DNA and 84%
amind acid sequence homology with the xylE gene-gene
product of the TOL plasmid. Additional sequence homology
between nahH and xylE was detected downstream of the
coding regions, and it was suggested that the xylEGFJ and
nahHINL genes evolved from a common ancestor (15).
Hybridization experiments suggest homology between por-
tions of NAH7 and other aromatic degradation plasmids
(10), but the nature and extent of the homology has not been
clarified. We observed that the putative N-terminal amino
acid sequence of the cIcR gene product of Pseudomonas
species (14) shows significant homology with the N-terminal
sequence of NahR (40% similarity in the first 75 N-terminal
residues), as does the N-terminal sequence of the tfdO ORF
(16, 41) of Alcaligenes eutrophus (35% similarity in the first
75 residues). These genes are found on two different plas-
mids, each encoding for the degradation of the aromatic
hydrocarbon 3-chlorocatechol. clcR is thought to encode a
transcriptional activator of divergently transcribed structural
genes involved in degradation of 3-chlorocatechol (14; A.
Chakrabarty, personal communication). All these results
suggest that genetic interaction and cross-talk between dif-
ferent soil bacteria and their resident plasmids is quite
prevalent. If so, the LysR-NodD-NahR type of regulatory
system may be very widespread in the procaryotic commu-
nity.
While this manuscript was in review, You et al. (45)

reported a DNA sequence for nahR. However, their derived
NahR ORF was 42 kDa, which they admitted was inexpli-
cably larger (>20%) than the expected value of 35 kDa.
Their nahR sequence differs from ours in three important
ways; You et al. (45) found an extra G after our position 894
(AAGgTAC), an additional A after our position 925
(TTGaCGG), and a C, not T, at position 932. These anom-
alies cause the increased size of their NahR ORF. In several
determinations of the sequence in this region on both
strands, we observed no evidence of these extra hucleotides.
Moreover, in sequencing other G+C-rich genes, we have
often found that unusual numbers of arginine residues in a
small region of a Pseudomonas ORF, like that found at the C
terminus of the You et al. ORF, are caused by an incorrect
reading frame in G+C-rich regions. Based on this and the
facts that our NahR ORF is 34 kDa (within 3% of the
expected size reported by us and You et al. [45]) and shows
such extensive homology with the LysR family of activators,
it is likely that our sequence is the correct nahR sequence
and ORF.
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