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The lon gene of Escherichia coli encodes the Lon (La) protease, which is associated with cellular protein
degradation. A lon gene homolog from Azospirillum brasilense, a nitrogen-fixing soil bacterium which lives in
association with the roots of cereal grasses, was cloned and characterized. The nucleotide sequence of the A.
brasilense lon gene was determined. It contains an open reading frame that encodes a protein of 810 amino acids
with a predicted molecular mass of about 90 kDa. The deduced amino acid sequence showed a high level of
homology with the sequences of all the known lon gene products. An open reading frame homologous to the E.
coli clpX gene was found in front of the lon gene. Transcriptional analysis showed that the lon gene of A.
brasilense is induced by heat shock and that the mRNA is monocistronic. An A. brasilense mutant, with Tn5
inserted in the lon gene, was shown to be defective in iron uptake and failed to express two membrane proteins
that are induced by iron starvation in the parental strain.

ATP-dependent proteases are known to be involved in the
regulation of the amounts of several proteins (14). In addition,
many damaged or abnormal proteins are subjected to ATP-
dependent proteolytic degradation. During various stresses,
increasing amounts of misfolded and damaged proteins may
accumulate; hence, the ATP-dependent proteases are also im-
portant during stress (14, 21). The lon gene of Escherichia coli
encodes the ATP-dependent protease Lon (or La) (6, 12, 32,
33). The lon gene belongs to the E. coli heat shock regulon,
whose transcription is increased several times upon heat in-
duction through the action of the heat-shock-specific sigma
factor o2 (20, 35).

The biological functions of Lon have not yet been fully
clarified. In E. coli it catalyzes the turnover of some proteins,
the best studied being SulA and RcsA (14, 26, 27), which are
involved in cell septation and capsule synthesis, respectively. In
addition, Lon promotes the degradation of abnormal proteins
(21). Lon’s preference for abnormal protein substrates, to-
gether with its induction by heat and other stresses, led to the
hypothesis, not yet proved, however, that Lon can help to
eliminate stress-denatured proteins (21).

Since E. coli Lon protease plays such an important, but not
completely understood, role in protein metabolism and in the
regulation of various cellular processes, it is of interest to
examine whether the enzyme and its function are present in
other organisms. From Bacillus brevis, a gene homologous to
the E. coli lon gene was cloned and characterized (16). The B.
brevis lon gene product did not seem to be heat shock induced;
however, it appeared to play a role similar to that of E. coli Lon
in the degradation of abnormal and short-lived regulatory pro-
teins (16). In Bacillus subtilis, a lon-homologous gene is in-
duced by heat shock and other stresses (22). Interestingly, two
genes (lonV and lonD) homologous to the E. coli lon gene have
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been identified in the gram-negative bacterium Myxococcus
xanthus (10, 29, 30). In contrast to that of E. coli, the M.
xanthus lonV gene was shown to be essential for cell growth,
since a null mutant could not be isolated (29). A gene homol-
ogous to E. coli lon has recently been cloned from the yeast
Saccharomyces cerevisiae; its product is mitochondrially local-
ized and plays an essential role in protein degradation in mi-
tochondrial homeostasis (28). The identification of a human
cDNA which encodes a Lon-like protein (31) further supports
the notion that proteases similar to Lon may play central roles
in almost all organisms.

From the associative nitrogen-fixing bacterium Azospirillum
brasilense SPF94, we previously isolated, after Tn5 mutagene-
sis, mutants with impaired abilities to form orange haloes on
Chrome-Azurol-S (CAS) plates (18), a phenotype that indi-
cates some defect in the ability to take up iron (25). When cells
of one of these mutants, referred to as SPFSS, were grown in
iron-free medium, they showed a reduced growth rate and a
smaller final yield compared with those of the parental strain
while they produced catechol, a putative siderophore, at a level
comparable to that of the parental strain; moreover, they were
less able to take up *°Fe from the medium (18). Southern blot
analysis demonstrated that the mutant had a single Tn5 inser-
tion in a 13-kb EcoRI fragment (18). In this paper we describe
the further characterization of the mutant SPFSS5, as well as the
cloning, nucleotide sequencing, and transcriptional control of a
gene of A. brasilense homologous to the E. coli lon gene, which
is presumably involved in iron uptake and heat shock response.

MATERIALS AND METHODS

Bacteria, plasmids, media, and general microbiological methods. Strains and
plasmids used are listed in Table 1. A. brasilense strains were grown at 33°C
(unless otherwise indicated below) in Luria broth (23) or in MSP medium (5), in
which FeCl; was replaced with Fe-EDTA (50 uM) or, under conditions of iron
starvation, with 2-2'-dipyridyl (70 wM). E. coli was grown at 37°C in Luria broth.
Transformation was performed by the CaCl, method as described previously
(23). Conjugation was carried out as previously described (8). CAS plates for the
detection of iron uptake were prepared as previously described (25).

Heat shock and UV sensitivity. The heat shock treatment was achieved by
rapidly shifting 0.5 ml of MSP-grown, log-phase cultures to a water bath at
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TABLE 1. Strains and plasmids used

Strain or plasmid

Relevant feature(s)

Origin or reference

Strain
A. brasilense SPF94
A. brasilense SPFS5

Parental strain, rif
TnS induced, iron uptake defect, lon

This laboratory (8)
This laboratory (18)

A. brasilense SPFS55 SPFS5(pAF371), the phenotype is that of the parental strain This work

A. brasilense SPFS56 SPFS5(pAF371), the phenotype is that of the parental strain This work

E. coli DH5«a Cloning strain 15

Plasmid

pUCI18 Cloning vector 34

pAF300 Conjugative plasmid suitable for cloning in A. brasilense 8

pAF371 pAF300 derivative carrying a 3.2-kb PstI-Dral fragment containing the lon gene of This work
A. brasilense

pAFC1 pGEM7 (Promega, Madison, Wis.) derivative carrying a 900-bp Sphl-Sall fragment (PC1) This work
containing part of the 3" moiety of the A. brasilense lon gene (Fig. 2)

pAFS1 pUCI8 with a 4.3-kb Sall fragment of SPFS5 containing fractions of the lon gene and This work
of Tn5

pAFS2 pUCI8 with the 3.4-kb Sall fragment of SPF94 containing a fraction of the lon gene This work

pCEK1 pUC18 with a 5.5-kb PstI fragment of SPF94 containing the entire lon gene This work

different temperatures and for the times reported in Results. The cell suspension
was then incubated for 15 min at 33°C and diluted for plate counting. Bacteria
grown in Luria broth, washed, and resuspended in MSP medium up to 2 X 107
cells per ml were assayed for resistance to UV light. One milliliter was spread in
an empty petri dish and irradiated in the dark under a Philips 15-W UV germi-
cidal lamp at a distance of 40 cm. After treatment, cells were kept in the dark for
1 h and then diluted for plate counting.

Membrane proteins. A. brasilense cells were grown in MSP without iron up to
the end of the log phase, diluted to an optical density at 590 nm (ODsq) of 0.2
in MSP medium with iron (50 wM) or with 2-2'-dipyridyl (70 wM) and left to
grow for 15 to 20 h. Membrane proteins from 50-ml cultures were extracted
essentially as previously described (3, 17). Protein concentrations were measured
by the Bradford method with the protein assay reagent (Pierce Chemical Co.,
Rockford, IlL.). Proteins were separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) with 11% acrylamide and Tris-glycine SDS
buffer at pH 8.3 and run at room temperature for 17 h at 15 mA as described
previously (17). High molecular weight standard (Sigma Chemical Co., St. Louis,
Mo.) was used as the marker.

Analysis of transcription. Total RNAs of the A. brasilense strains were isolated
from cells (grown as reported in Results) by CsCl centrifugation as described
previously (19). RNA concentrations were estimated spectrophotometrically,
and their integrity was checked on agarose gel.

Northern (RNA) blotting was carried out as previously described (23); samples
were run on 1% agarose, blotted on nylon membranes (Hybond; Amersham,
Little Chalfont, United Kingdom), and hybridized to a digoxigenin-labeled RNA
probe as instructed by the manufacturer (Boehringer, Mannheim, Germany).
Detection of hybridization signals was carried out by the chemiluminescence
method described in the Boehringer manual of DNA labeling and detection. An
RNA probe for A. brasilense lon was synthesized in vitro with SP6 RNA poly-
merase, with a digoxigenin RNA labeling kit (Boehringer), from linearized plas-
mid pAFCI. Primer extension was performed according to the method of Aus-
ubel et al. (2) with 20 pg of RNA and 2 pmol (about 5 wCi) of primer, and the
extended primer was end labeled at the 5’ end with T4 polynucleotide kinase and
[y->*P]ATP. Extension was carried out for 30 min at 48°C with Moloney murine
leukemia virus reverse transcriptase (New England Biolabs, Beverly, Mass.). The
primer oligonucleotide sequence was 5'-TTCTTCTGGGTGACGAG-3’, corre-
sponding to positions 1010 to 994 of the complete sequence reported in Fig. 3.
The same primer was used for a sequencing reaction of plasmid pAFS2 (see
Results) DNA, which was run on the same gel.

Other methods. Plasmid DNA preparation, purification of DNA from agarose
gel, Southern blotting, and restriction enzyme analysis were performed as de-
scribed previously (23). Chromosomal DNA was isolated as previously described
(11). DNA sequences were determined according to the method of Sanger et al.
(24). The sequences were analyzed with MacVector (IBI, New Haven, Conn.)
computer software.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper appear in the GenBank database under accession number
U35611.

RESULTS

Membrane proteins of A. brasilense strains. The A. brasilense
mutant SPFSS5, impaired in its ability to take up iron from the

medium, showed, in a preliminary characterization, an unmod-
ified production of siderophore molecules (18). For this reason
we assumed that the phenotype of this mutant was to be as-
cribed to some defect in the transport of the ferrisiderophore
inside the cell. In A. brasilense at least four membrane proteins
were found to be specifically induced by iron starvation and
were therefore considered responsible for iron transport (3).
We extracted the membrane proteins of the parental strain
SPF94 and the mutant SPFS5, which were grown in iron-
supplemented medium or in medium deprived of iron by the
addition of the chelating agent 2-2'-dipyridyl, as described in
Materials and Methods. The results of the SDS-PAGE of the
membrane proteins are shown in Fig. 1. In the parental strain,
four or five proteins were apparently induced by iron depriva-
tion. The mutant strain SPFS5 showed a different protein pat-
tern; in particular, the protein of about 80 kDa, which was most
conspicuously induced by iron deprivation in the parental
strain, was clearly missing in the mutant. Other modifications
were also noticeable; for example, another protein of about 70
kDa repressed by iron in the parental strain was absent in the
mutant cells.

Cloning and nucleotide sequence of the A. brasilense lon
gene. Chromosomal DNA from A. brasilense mutant SPFS5
was digested with Sa/l and probed by Southern blotting with
the 4.6-kb Norl fragment of Tn5, leading to the identification
of two bands of about 4.3 and 5.4 kb, respectively. These bands,
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FIG. 1. SDS-PAGE of the membrane proteins of A. brasilense strains. Lanes
1 to 2, SPFS55; lanes 3 to 4, SPFS56; lanes 5 to 6, SPF94; lanes 7 to 8, SPFS5.
Lanes 1, 3, 5, and 7 were grown in iron-supplemented medium, and lanes 2, 4, 6,
and 8 were grown in iron-deprived medium. The dot on lane 6 indicates the
80-kDa protein expressed in strain SPF94 after iron deprivation that is missing in
strain SPFSS5. Each sample contained 25 pg of protein.
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FIG. 2. Restriction map of the DNA fragment containing part of the clpX
gene and the entire lon gene of A. brasilense. PCI indicates the sequence used as
the probe in the Northern blot analysis. Pointed boxes beneath the restriction
map indicate the ORFs and the direction of translation. The PstI site on the right
is about 2 kb from the Sall site.

containing the DNA sequences surrounding TnJ5, were isolated
from agarose gel, ligated to pUCIS, and introduced by trans-
formation into E. coli DH5«, and transformants for kanamycin
resistance were selected. One of the transformants was found
to harbor a plasmid, referred to as pAFS1, with the 4.3-kb Sall
fragment, as demonstrated by Southern blotting. The labeling
of this fragment and its use as the probe permitted the iden-
tification of a homologous 3.4-kb Sall fragment in the chro-
mosomal DNA of parental strain SPF94. This latter fragment
was purified and cloned into pUC18, thus generating the re-
combinant plasmid pAFS2. Southern blotting (not shown)
demonstrated that the restriction map of pAFS2 was consistent
with that of the SPF94 chromosomal DNA (Fig. 2). The nu-
cleotide sequence of the 3.4-kb DNA fragment was determined
by both subcloning and primer walking (Fig. 3).

The analysis of the sequence revealed the presence of two
truncated open reading frames (ORFs) oriented in the same
direction (Fig. 2 and 3). The longest ORF, starting with an
ATG codon at position 826, encoded a protein with a high
degree of sequence homology with the known Lon proteins. In
order to obtain the nucleotide sequence of the entire A.
brasilense lon gene, a Pst] fragment of 5.5 kb containing the
entire insert of pAFS2 and sequences downstream of lon (Fig.
2) was identified by Southern blotting of PstI digestion of the
total DNA of SPF94, purified from the gel, and cloned into
pUCI18, thus giving the recombinant plasmid pCEK1. The re-
gions flanking the Sall sites were sequenced to provide the
entire putative A. brasilense lon gene. It was found to be 2,433
bp long (Fig. 3), a little longer than its E. coli homolog of 2,349
bp. The G+C content of the gene is about 63%, similar to that
of other A. brasilense genes. Therefore, the codon usage is
strongly biased, with most codons ending with G or C. The Tn5
insertion site in mutant SPFS5 was localized between codons

J. BACTERIOL.

232 and 233 of the lon gene (corresponding to nucleotide 1521
of Fig. 3) by sequencing plasmid pAFS1 with an outward-
bound Tn5 primer. The ATG codon at position 834 is pre-
ceded by a potential ribosome binding site extending from
nucleotides 814 to 818. The search for sequences homologous
to the E. coli ¢’° promoter and to the iron box (7) or to the
heat shock consensus promoter (20, 35) did not give any sig-
nificant result.

About 550 nucleotides of the carboxy-terminal region of an
OREF were identified 250 nucleotides upstream of the lon gene
(Fig. 2 and 3). This ORF codes for a protein that shows a high
degree of sequence homology with the E. coli clpX gene prod-
uct (13).

Analysis of the amino acid sequence of the A. brasilense Lon
protein. The A. brasilense lon gene encoded a protein of 810
amino acids with a predicted molecular mass of 90,135 Da.
Examination of the deduced amino acid sequence revealed a
high degree of homology with the other Lon proteins, with
identities ranging from 33 to 60% and similarities ranging from
45 to 78% (Table 2). The sequence homology extended over
almost the full length of the Lon proteins, except for the
N-terminal amino acids of human and S. cerevisiae Lon, which
represent a potential mitochondrial matrix targeting sequence.

The search for an ATP-binding site in the 4. brasilense Lon
sequence revealed the presence of two segments (A and B)
which have previously been shown by Walker (referred to in
reference 6) to be characteristic of many ATP-binding proteins.
The two sequences, GPPGVGKT (segment A) and KAKSSNP
LFLLD (segment B), were localized in A. brasilense Lon at
positions 361 to 368 and 417 to 428. These locations are similar
to those found in the E. coli Lon protein, in which the two
sequences are located at positions 355 to 362 and 411 to 422,
respectively. The multialignments of all the amino acid se-
quences revealed a highly conserved region in segment A,
whereas the consensus in segment B was less restrictive, per-
mitting various amino acid substitutions. A serine residue at
position 679 in the E. coli Lon was proposed to be the active
proteolytic site on the basis of site-directed mutagenesis ex-
periments (1). We found a stretch of eight amino acids (PKD
GPSAG), containing the putative active-site serine, present in
all known Lon sequences, at position 680 to 687 of the A.
brasilense Lon protein.

Analysis of transcription. Since inactivation of the lon gene
in A. brasilense mutant SPFS5 led to impairment of iron up-
take, we decided to study the expression of this gene in order
to determine in which condition its transcription was induced
and whether it was an iron- or a temperature-responsive gene
or both. For this purpose, total RNAs were extracted, as de-

TABLE 2. S, values calculated for the deduced amino acid sequences of Lon proteins from various species

Sp value for species’:

Species®
Ab Ec MxV MxD Bs Bb Hs Sc

Ab 0.57 0.60 0.46 0.54 0.54 0.33 0.33
Ec 0.77 0.54 0.43 0.40 0.52 0.33 0.31
MxV 0.78 0.74 0.48 0.54 0.54 0.37 0.32
MxD 0.70 0.56 0.72 0.48 0.47 0.36 0.34
Bs 0.76 0.62 0.76 0.71 0.70 0.36 0.31
Bb 0.66 0.76 0.77 0.67 0.88 0.36 0.33
Hs 0.57 0.55 0.51 0.59 0.62 0.60 0.40
Sc 0.45 0.42 0.44 0.44 0.43 0.44 0.53

“ Ab, A. brasilense; Ec, E. coli; MxV and MxD, M. xanthus; Bs, B. subtilis; Bb, B. brevis; Hs, Homo sapiens; Sc, S. cerevisiae.

b The S o value for two proteins, A and B, is 2 X (number of similar or identical amino acids in A and B)/(number of total amino acids in A + number of total amino

acids in B). The top right triangular section shows amino acid identities; the lower left triangular section shows amino acid similarities.
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GTCGACACGAGCAACATCCTGTTCATCTGCGGCGECECCTTCGCCGEGCTGEACARGATCATCGCGCAGCGCGECARGGECACGTCEATCGGCT 94
VDTSVNTITLTFTIGC CSGGA ATFA AGTLTDTZ KTITIA AG QRTGTE KT GTSTIGF
TOGECGCTEATGTGCECEGCCCGEACGAGCETTCGACCEECEACATCCTGCETGAGE TCEAGCCCGAGCATCTGCTGARMATTCGGCCTGATCCC 188
G ADVRGPDERTSTGDTILRTETYETPETDTLTLTE KTFGTLTI P
CGAGTTCATCGETCGTCTGCOGETGETCGCCACCOTGTCOGACCTCGACGAAACGGCTCTGGTCGAGATCCTCACCARGCCGAAGAATGCCCTE 282
EF I GRLPVVATTLSTDTILDETA ATLTYTETETTLTTZ KT PZE KTNATL
GTCAAGCAGTACCAGCGCCTGTTCGAGATGGAGGACGTCCGTCTGGAATTCTCCGACGACGCCOTGCGCACCATCTCCCACARGGCCATCCAGE 376
vV K QY QRLTFEMETDTVT RTELTETFSDDA ALT RTTITSUHTERTE ZTOQR
GGAAGACCGGCGCACECGECCTGCEETCGATCATGGAGTCGATCCTGCTCGACCCGATGTTCGATCTGCCCGECCTGTCEEGEGTEEARAGCAT 470
K TGARGTLT® RSTIMESTSTITLTLDTPMEFTUDTLTPGTLSGETYVES I
CCTGGTCAACAAGGAGGTGETCGAGGEECECECCAAGCCGCTTTACGTCCACGCCGARCGUCGCGEGEAGCAGCAGGCACCGAGTECTCAGTTC 564
L VNZ KTETVVETSGRTBATEKTP2PTLTYVHAET RTERTGTETG QO QA ATPG A *
GTCACGGCCGATCAGCATCGEGTACGAGGAAGGECGCCTTTERGCGCCCTTTGTCETTTCCGGCTTTTGCAGACATCEAGEGCGCCAGCEEECC 658
GCGEGGCGTCEGATCGGCATGTCGCACCGCCATACGEAATTGGGETTCTGECCCTTGAAGGGGGGCTATGGCTGTGCCACGTTAGARARAGTEC 752
CGGTTTTCGATCCCTGTGCTCATCCCCCGAGGCEEEGGTCTTCCCAGGCCCATCCCGGECTgacggCGTCCCAATGAAAGAGGCCCARTCAATG 846
1 M K E A Q S M
TTCGARATCCCTCGTGETGCCCTCTATCCGGTCCCGCCGCTCCGCGACATCGTGETTTTCCCCCACATGATCATGCCTCTTTTCGTCGGCCGTE 940
FEI PRGATLTYTPVPOPLRDTITYVJ VTFTPHMTIVYVTZPLTFTVGER
AGAAATCCGTGCGCGCCCTGGAAGACGTGATGAAGGACGATAAGCAGATCCTTCTCGTCACCCAGARGAACGCCGCGCAGGACGATCCGACGCC 1034
E XK S VR ALETDTVME KT DTDE KGO OQTITZLTLVTG ZE KNG ASABATI GQTDTDTPTFP
GECCGATATCTACAGCGTCGGCACCGTTGGGACCGTGTTGCAGCTGCTGARGCTGCCCGACGGAACGETGAAGGTGCTCGTACACEECGECCAR 1128
ADI VY SV GTVGEETTVZLQLTLIZ KTLTPTDGTTVTE KT VTILVETGSG Q
CGCGCGTCCATCACCAAGTTCGCCGAGAACGAGGATTTCTTCCAGGCCCACGCCGACCTCATCGAGGAGAAGETCGGEGARAGCCAGEAACTTE 1222
R A S TITZEKTFA AETDNTETDTFETFGOQAHATDTELTYVTETETEKT YT GEST SO QTEL
AGGCGCTGGGACGCGCEETCETCTCGCARTTCGAGCAGTACATCAAGCTGAACARGAAGATCCCGCCGGAGGTCCTGGTCTCGATCAACCAGAT 1136
EALGRAV VUV S QFTET QTYTIZ KTELHNTZEKTEKTITPZPEJTVTILTVYSTITN NGO QT
CGAAGAGCCGGGARAGCTGGCEGACACCGTCGCCTCCCACCTCGCGCTGARGATTCCGGARAAGCAGCAGCTTCTGGAATGCGCCACGETTTCG 1410
EEPGE KTLADTV VA ASEHETLATLTEKTITPETZ K QOQLTLTETCA ATV S
GAGCGGTTGGAGCGGGTCTACGCCTTCATGGAAGGCGARATCGGTGTCCTCCAAGTGGARAAGCGCATCCGCAACCGCGTCAAGCGGCAGATEE 1504
ERLETRTYJYATFMETG GTETILIG GV VTZLOQVETZKT RTITRTENTERTYTZ KT RSO QM
AGAAGACCCAGCGCGAGTACTACCTCAACGAACAGCTCARGGCGATCCAGAAGGAACT CGGCGAGACCGAGGACGECCETGACGAGTCGECCCA 1598
E KT QREJTYTYLNET QLT KA ATIO OQE KTETLTGTETTETDTGT RTDTESAE
GCTGGAAGAGAAGATCAACAAGACCCGCTTCTCCAAGGAAGCCCGCGACAAGGCCCTGGCCGAGCTGAAGAAGCTGCGCTCCATGAGCCCGATE 1692
L EE K INZKTRTPFSIKTETA ARTDTIEK aATLA ATETLTZEKTE KTELT RSMS P M
TCGGCCGAGGCGACGGTGGTGCGCAACTATCTGGACTGGATGCTGTCCATTCCGTGGARGAAGCGCACCARGGTGAAGAAGGACCTGAAGCTCG 1786
S AEAT VVRNTYTILUDTWMILSTITPWE KTZ KT RTIE KT VEKTEKTDTLZKL
CTCAGAAGATCCTCGACGCCGACCACTACGGCCTGGAGAAGGTCARGGAACGCATCCTCGAGTATCTTCGGGTCCAGAACCGCATGARCAAGGT 1880
A Q XK I LDADTEHTYGTILETZ KV VEKTETRTEITLTETYTLTZRTYVONTZRMENE KV
CARGGGGCCEATCCAGAGCCTCGTCOGGCCGCCCGGCETTGGCARGACCTCGCTCGGCARGTCGATCGCCAAGTCCACCGGCCGCAATTTCGTE 1974
K G P I QS LV GGP P GV EKTSTLOGTZKS STI® ATE ST GT RNTFV
CGCATGTCGCTCGGCGECGTGCOGEACGAGECTGAGGTCCGCGGCCACCGACGUACCTACATCAGCTCGATGCCCGGCAAGGTCATCCAGGGCA 2068
R M SLGG VRUDETA AETVYVT R®GHRT RTTYTIGSM®PGE KT YVTIOQG
TGAAGAAGGCGAAGTCGTCCAACCCGCTGTTCCTGCTGGATGAGATCGACAAGCTCGECGCCGACTGGCGCGECGACCCATCRTCGRCCCTECT 2162
M K K A K § 8 N P L F L L D E I DKXKTULGA ATDTWE RGTDT PSS ATL L
TGAGGTTCTCGATCCCGAGCAGAACGGCACTTTCAACGACCATTATCTGGAGGTCGATTACGACCTGTCGGACGTGATGTTCATCTGCACGECC 2256
EVLDGPEO QNG GTTFNTDIEHTYTLETVTDTYDTILSTDVMTEFTVTCT A
AACACGATGCGCATGCCGCAGCCGCTGCTGGACCGCATGGAGATCATCCGCGTCGCCGECTATACCGAGGATGARAAGGTCGAGATTTCCAAGE 2350
N TMRMGPOQPTLTLDTRMETLITIRVYA AGTYTTETDTETZKTYVETIS K
GCCACCTGATCGARAAGCAGGTGGAAGCCAACGGCTTGAAGAAGGGCGAGTTCGCCATTTCCGACGACGCGCTGCGCGACCTGATCGCCTATTA 2444
R HL IEZK G QVET AN GTLTEKTZEKTGETFA a2TISDDABaALTERTDTELTITERTYY
CACGCGGEAAGCCGGCGTCCGCAGCCTGGAGCGCGAGATCGCCARCCTCTGCCGCAAAGCCETGAAGGAGATCCTGATGAAGGECTCCECCGEE 2538
T REAGT VR RSTILETRTETIANTILTCSERTEKTATYVTEKTETLITLME TGS A G
GCCAAGGTTTCGGTCACGCGCCEGAACCTGGACAAGTACGCTGGCETCCGCCGCTTCCACTTCGGCGAGGCGEAGCTGRAGGATCTGETEEECE 2632
A KV SV TRIRINTLTGDTIKTYA ACGT VT RTERTFTEHTEFTGETHBHBTETLTET DTELTV G
TCACCACCGGGCTGGCCTGEACGEAAGTCGGAGGCGAGCTGCTGTCGATCGAGGCGETCAGCCTGCCCGECARGEEGCGEGTEACCACCACCGE 2726
VTTGLAWTTETVGS® GETLTELSTITEA ATYSTLTPGECTFG GRVYVTTTG
CARGCTGGGCGACGTCATGAAGGAGTCGGTCCAGGCGGCEGAGAGCTACGTCAAGTCGCGAGCCACCECCTTCGGCATCAAGCCGACGCTCTTC 2820
K L ¢ DV MEKTESTSV VOQARBRTETSTYTVJZ XS RATATFGTITZ KT PTTLF
GAGAAGCGGGACATCCACGTCCACGTGCCCEAAGGCGCOACTCCGAAGGACGGCCCCTCGGCEEECETGGCGATGATCACCTCGATCGTTTCGE 2914
E XK R DI HY HVPEGA ATT PKDG?P S A GV AMTITSTITV S
TCCTGACCGGTATCGCGGTCCGOAAGGACGTGGCGATGACCGETGAGATCACCCTECACEGCCGEETECTTCCGATCEGCCETCTGAAGGAGAAR 3008
ViITGIAVRIEKTDVYVA AMTG GETTTLE RGSGRVYTILTPETIEIGGTLZEKTE K
GCTGCTEGCTECTCTGCGCGGCEECCTCARGCATGTGCTGATCCCGAAGGACAACGAGAAGGATCTCGCCGAGATCCCGEACAACGTGAAGCGE 3102
L LAALTRGTGTELTEKTEHTYTELTITP?ZXDINTETEKTSDTELA ATETITPTDNTV KR
GGGCTGGAGATCATCCCAGTCAGCACCGTCGACGACGTCCTGARGCACGCCCTGETTCGEGAAGTCGAGCCCATCGAGTGGAAGEAGCCGGARG 3196
6 L EI I PV ST VDDVTLZEKEH ALTYTERTETYTETPTITETWTZ TETFPE
CGGTCGAGCCGGCEGTCGCCAAGCCGCAGACTGACGGCGGAGGCGAGETGCTTCGTCACTGATCCAGCTTGGCGTTTAAAGCACCCTTAAAGCE 3290
AV E@PAVYVATIKTPOQTTDTG GG GGTEVLRH #
CTACCATGCTTCGCATCGCCCGCCCATCTGCAATTGACGGGCATGTCGCGTTTATCGTTTGAATGCGTGATGTCATTGAGTGCCTTTTCTTCCA 3384
TTTTCTTTGACCGGACTGAGARGGGGGGAAGTAAGTGAACARGAACGA 3440

FIG. 3. Nucleotide and deduced amino acid sequences of the A. brasilense lon gene. The numbers on the right are nucleotide positions. The termination codons
of the lon and clpX genes are indicated by asterisks. The putative ribosome binding site is indicated by boldface lowercase letters. The transcription start sites are
indicated by arrows. Amino acids are represented by the single-letter code. The putative ATP-binding sites are in boldface type and double underlined, whereas the
proteolytic site (PKDGPSAG) is underlined.
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FIG. 4. Northern blot analysis of A. brasilense SPF94 total RNA hybridized
to the PCI probe (Fig. 2). RNA was extracted from cells treated as follows: lane
1, 45°C for 5 min; lane 2, 45°C for 40 min; lane 3, 48°C for 5 min; lane 4,
uninduced control kept at 33°C; lane 5, 45°C for 5 min; lane 6, 45°C for 10 min;
lane 7, 45°C for 20 min. The 2.8-kb marker, not shown, was the digoxigenin-
labeled (Boehringer) RNA molecular mass marker II.

scribed in Materials and Methods, from cultures of parental or
mutant strains under the following conditions: (i) growth at
33°C in MSP medium with iron up to an ODs5, of 0.4 and then
a shift to 45°C for 5, 10, 20, or 40 min, or a shift to 48°C for 5
min; (ii) growth at 33°C in MSP medium without iron and with
70 uM 2-2'-dipyridyl from an ODss, of 0.2 to an ODss, of 0.4;
and (iii) growth at 33°C in MSP medium with iron up to an
ODs5, of 0.4 as a control. Northern blotting of RNA hybrid-
ized to the A. brasilense lon-specific probe PC1 (Fig. 2) dem-
onstrated the presence of a distinct band of about 2,400 nu-
cleotides only in the RNA extracted from the SPF94 cells
exposed to 45°C for 5, 10, or 20 min (Fig. 4). This result
suggests that the transcription of this gene, like that of its E.
coli homolog, was triggered by heat shock and that the level of
its induction rose rapidly and lasted for little more than 20 min.
RNA from parental strain cells without heat shock or grown in
iron-deprived medium did not show any specific discrete sig-
nal, not did RNA from SPFSS5 cells under any condition (not
shown). The heat-shock at 48°C caused the appearance of a
very faint RNA band. However, weak signals, visible only as
smears on the Northern blot membrane, were present in all the
parental cell RNA preparations, indicating a low level of con-
stitutive transcription of the lon gene, which was also con-
firmed by RNA dot blot experiments (not shown). The size of
the lon RNA molecule found in the heat-shocked cells (about
2.4 kb) suggests that the transcript was a monocistronic one,
probably as large as the coding sequence (2,433 nucleotides)
and therefore not including the preceding putative clpX gene.

In order to confirm the results obtained by Northern blot
analysis and to try to localize the promoter of the gene, we
used total RNA of the 5-min heat-induced parental cells to
analyze the transcription initiation of the lon gene by primer
extension, as described in Materials and Methods. The results
obtained, shown in Fig. 5, reveal the presence of two putative
start sites, one located at a G in position 749 and the other at
a G in position 790, respectively 77 and 36 nucleotides up-
stream of the putative ATG start codon. RNA prepared from
cells grown at 33°C also showed the same putative transcrip-
tion initiation sites, although the signal was less intense (not
shown).

Heat shock resistance and UV sensitivity. The A. brasilense
lon gene was clearly induced by heat shock, and for this reason
it is probably involved in some way in the heat shock response.
In order to test whether one of the functions of this gene is the
protection of cells from heat damage, we compared the resis-

J. BACTERIOL.

tance of parental and lon mutant strains to high-temperature
shock. The results of the experiment are reported in Table 3.
Unexpectedly we found that, in the experimental condition
used, the mutant SPFS5 was more resistant to heat shock than
the parental strain SPF94. This result indicated a certain in-
volvement of the A. brasilense lon gene product in the cellular
response to heat shock. To test whether the mutation in the lon
gene of A. brasilense, like the E. coli lon mutation, is respon-
sible for the pleiotropic phenotype of increased sensitivity to
UV irradiation, with consequent formation of filamentous
cells, we compared the resistance of parental and lon mutant
strains to UV as described in Materials and Methods. The
results obtained indicated that the two strains were equally
sensitive to different doses of UV. Moreover, elongated forms
were not observed among the UV-treated cells (data not
shown). As a further indication of the different functions of the
A. brasilense lon gene compared with those of the E. coli gene,
we did not observe the mucoid phenotype in the colonies of
strain SPFS5.

To ascertain whether the phenotype of the mutant strain
SPFESS is actually the consequence of disruption by Tn5 of the
lon gene, we used the cloned wild-type A. brasilense lon gene to
complement the mutation of SPFS5. A 3.2-kb PstI-Dral DNA
fragment exactly containing the entire lon sequence was cloned
in the broad-host-range vector pAF300 (8), giving the plasmid
pAF371. This plasmid was transferred by transformation into
E. coli DHS5a and then conjugated into A. brasilense SPFS5.
Exconjugants were checked for the presence of plasmid
pAF371, and two of them, referred to as SPFS55 and SPFS56,
were assayed for their phenotypes, with respect to their iron-
uptake abilities (the blue CAS plates were used), membrane
protein patterns, and heat shock responses. The results ob-
tained, reported in Fig. 1 and 6 and Table 3, clearly indicated
that SPFS5 mutants carrying the plasmid with an intact copy of
the lon gene resembled the parental strain.

1 GATC

FIG. 5. Locations of potential transcription start sites by primer extension of
the lon gene of A. brasilense. The primer used corresponds to positions 1010 to
994 of the sequence reported in Fig. 3. Lane 1, primer extension product; lanes
C, A, T, and G, products of sequencing reactions with the same primer used for
the extension. Note that the sequence is complementary to that shown in Fig. 3.
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TABLE 3. Survival of A. brasilense strains to heat shock

% Survival after heat shock for

. Temperature time (min)*
Strain ¢C) (min)
5 10 15
SPF9%4 49 92 61 36
SPFS5 49 101 81 84
SPF94 51 40 ND 27
SPFS5 51 113 ND 94
SPFS55 51 32 ND ND
SPFS56 51 35 ND ND
SPF94 52 23 3 ND
SPESS 52 85 53 ND

¢ Survival is expressed as a percentage of the CFU of the control kept at 33°C.
One hundred percent corresponds to 5 X 107 to 10 X 107 CFU/ml. Data are
means of three replicates. ND, not done.

DISCUSSION

In this study we cloned and sequenced the lon gene of the
nitrogen-fixing bacterium A. brasilense, starting from a Tn5-
induced mutant that had previously been selected for its al-
tered ability to take up iron from the medium. Before our
study, some genes homologous to the E. coli lon gene from
bacteria, S. cerevisiae, and humans (see the introduction for
references) had been characterized. The amino acid sequence
of A. brasilense Lon is highly homologous to the Lon sequences
of other species, in particular with that of M. xanthus (they
have over 60% identity in their amino acid sequences). This
degree of sequence homology is higher than that generally
found between the sequenced genes of Azospirillum spp. and
their homologous counterparts in other bacterial species. A
close examination of the aligned sequences showed regions
with extremely high levels of homology which contain the ma-
jor identified domains of the E. coli protein: the ATPase and
proteolytic domains. This finding also confirms the similarity in
the basic functions of these serine proteases.

The lon genes characterized so far, in spite of their overall
homology, were not found to have the same physiological role
in different species. Moreover, these functions have not been
fully clarified in any of the organisms considered, including E.
coli (14, 21). The phenotype of the A. brasilense lon mutant
appeared to be different from those of other species, showing
normal growth (therefore, lon is not an essential gene) and
being affected in its iron uptake and heat shock response. As
with B. brevis (16) and B. subtilis (22), features which are charac-
teristic of E. coli lon mutants, such as mucoidy, filamentous
growth, and increased sensitivity to UV (14), were not observed

FIG. 6. CAS plate with colonies of A. brasilense strains. Colonies: 1, SPF94;
2, SPFS5; 3, SPFS55; 4, SPES56. The plates were incubated for 3 days at 33°C.
The diameters of the bright haloes indicate the amount of iron taken up by the
cells.
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in the A. brasilense mutant. This suggests that the specific (14)
roles of Lon may be species specific. Our data showed that the
lon gene is involved in the synthesis (or in the regulation of the
synthesis) of one or more membrane proteins induced by iron
deprivation. A difference of more than 10 kDa between esti-
mated molecular masses should exclude the possibility that the
80-kDa membrane protein, induced by iron deprivation and
missing in the mutant strain, is Lon.

A previous work demonstrated an inhibitory effect of tem-
perature (growth at 42°C) on iron uptake in A. brasilense RG
(4). In that case, temperature inhibited siderophore produc-
tion while leaving iron transport and iron-regulated membrane
proteins unaffected. From these data it is not possible to con-
clude that the lon gene is involved in the switch-off of sid-
erophore production by temperature; however, the data sug-
gest that a linkage exists between temperature and iron uptake,
as has also been reported for other bacterial species (9). It is
not known whether the lon homologous genes in other species
are related to iron uptake, as, to our knowledge, this pheno-
type has not been looked for in other lon mutants. On the
other hand the fact that lon transcription in A. brasilense is not
induced either by iron starvation or by its abundance could
signify an aspecific involvement of this gene in iron uptake.

Concerning heat shock response, the reported results clearly
demonstrated that the transcription of the A. brasilense lon
gene was induced by heat shock in a manner that closely
resembles the induction of other heat shock genes, including E.
coli and B. subtilis lon. In B. brevis and M. xanthus, however, lon
is not a heat shock gene. Moreover, transcriptional start sites,
mapped by primer extension, did not help much in the identi-
fication of promoter sequences homologous to those of known
heat shock genes of E. coli. On the other hand, this is the first
A. brasilense heat shock gene sequenced so far and it is not
possible to infer any consensus sequence for promoters of
these genes in this organism. Unfortunately, the mere fact that
the A. brasilense lon gene is induced by heat shock does not
give information about its specific role. An intriguing feature
of the A. brasilense lon mutant is its particular resistance to
heat shock, as revealed by a rate of survival greater than that
of the parental strain after exposure to high temperature. This
was unexpected, as we assumed that the lon gene product, like
its E. coli counterpart, is induced as a response to heat shock
stress for the sake of preventing an accumulation of denatured
proteins, thus allowing cells to recover more easily from the
shock. One possible explanation of this result is that, in the
experimental conditions used, 4. brasilense parental cells died
after heat treatment also because the highly degradative action
of Lon protease (which is missing in the mutant) could have
destroyed some essential proteins that were still functioning.

The results reported in this paper add a new fragment to the
complex and expanding picture of the functions of the family of
Lon-like serine proteases, in that they indicate a certain in-
volvement in iron uptake. The knowledge of the iron uptake
system in A. brasilense is unfortunately still too preliminary to
try to detect at what level the action of Lon occurs. We can
conclude only that the lon defect of strain SPFS5 caused the
loss of some iron-induced membrane proteins, indicating that,
if the mutated gene is of the regulatory type, it should probably
code for a repressor.
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