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The Lon protease from the haloalkaliphilic
archaeon Natrialba magadii is transcriptionally
linked to a cluster of putative membrane
proteases and displays DNA-binding activity

Diego E. Sastre, Roberto A. Paggi, Rosana E. De Castro ∗

Instituto de Investigaciones Biológicas, UNMDP-CONICET, Funes 3250 4 to Nivel, Mar del Plata 7600, Argentina

Received 14 June 2010 ; received in revised form 8 July 2010; accepted 10 July 2010

KEYWORDS
Haloarchaea;
Natrialba magadii;
Lon protease;
Gene transcription;
DNA-binding

Summary
The ATP-dependent Lon protease is universally distributed in bacteria, eukaryotic
organelles and archaea. In comparison with bacterial and eukaryal Lon proteases,
the biology of the archaeal Lon has been studied to a limited extent. In this study,
the gene encoding the Lon protease of the alkaliphilic haloarchaeon Natrialba mag-
adii (Nmlon) was cloned and sequenced, and the genetic organization of Nmlon was
examined at the transcriptional level. Nmlon encodes a 84 kDa polypeptide with a
pI of 4.42 which contains the ATPase, protease and membrane targeting domains of
the archaeal-type LonB proteases. Nmlon is part of an operon that encodes mem-
brane proteases and it is transcribed as a polycistronic mRNA in N. magadii cells
at different growth stages. Accordingly, NmLon was detected in cell membranes of
N. magadii throughout growth by Western blot analysis using specific anti-NmLon
antibodies. Interestingly, in electrophoretic mobility shift assays, purified NmLon
bound double stranded as well as single stranded DNA in the presence of elevated

salt concentrations. This finding shows that DNA-binding is conserved in the LonA
and LonB subfamilies and suggests that Lon—DNA interaction may be relevant for its

function in haloarchaea.
© 2010 Elsevier GmbH. All rights reserved.

Introduction but is also a key process for the regulation of many
Energy-dependent proteolysis is not only funda-
mental for the degradation of defective proteins
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ellular functions (Van Melderen and Aertsen 2009).
TP-dependent proteases have been classified into
our major groups including: Lon, FtsH, Clp and

rved.
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on protease haloalkaliphilic archaeon Natrialba m

he proteasome (HslUV) and they belong to the
TPases associated with diverse cellular activities
AAA+) protein superfamily (Lupas et al. 1997).
n archaea at least two ATP-dependent proteases
ave been identified: the soluble proteasome-PAN
ystem and the Lon protease. Proteasomes are
niversal among the archaea and have been char-
cterized from methanogens, thermophiles and
xtreme halophiles (Maupin-Furlow et al. 2005).
on-type serine proteases are conserved in the
hree domains of life: Bacteria, Archaea and
ukarya (Maupin-Furlow et al. 2005). However, the
verall biology of the archaeal Lon protease has
een investigated to a limited extent in comparison
ith the bacterial and eukaryotic enzymes.
The Lon protease family can be divided into two

ubfamilies, LonA and LonB, based on the sources,
omain structure of the proteins and differences
n the characteristic sequences within the domains
Rotanova et al. 2004). The LonA subfamily con-
ists mainly of bacterial and eukaryotic enzymes
nd accounts for >80% of the presently known Lon
roteases. LonB are predominant in Archaea, how-
ver, LonB-like proteins have also been found in
ome bacteria. LonA is encoded by a single gene and
ontains an amino-terminal domain (LAN), a central
TPase (AAA+) domain and a C-terminal protease
omain (P-domain). LonB enzymes lack the LAN
omain and they have a transmembrane segment
hat predicts a membrane-bound localization of
his enzyme. The differences found between both
amilies and the structural diversity among LonB
embers suggest that the archaeal-type enzyme
ay have conserved as well as novel biochemical

nd/or functional properties.
DNA-binding by ATP-dependent Lon proteases

s evolutionarily conserved from bacteria to man,
uggesting that it is an essential property of this
rotein (Lee and Suzuki 2008). It is likely that the
rchaeal-type LonB protease may also interact with
NA and/or RNA, however, this feature remains to
e experimentally demonstrated.

Previous studies have examined the biochemical
nd catalytic properties of the archaeal-type LonB
rotease (Fukui et al. 2002; Besche et al. 2004; Im
t al. 2004; Botos et al. 2005) as well the crystal
tructures of the P-domain and ATPase domain (Im
t al. 2004; Botos et al. 2005; Young Jun et al.
010). However, studies on the expression profile
f Lon in the context of the archaeal cell have not
een reported.

Haloarchaea encode Lon homologues which, to

ate, have not been characterized. Our laboratory
as characterized extra and intracellular proteases
n the alkaliphilic haloarchaeon Natrialba maga-
ii (optimum growth in 3.5 M NaCl, pH 10) (De
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astro et al. 2006, 2008). Studies on the N. magadii
on protease will not only complement our cur-
ent knowledge on the proteolytic systems of this
nusual extremophile (and other haloarchaea), but
ill also contribute to gain insight into the overall
iology of the archaeal-type LonB protease, which
as been scarcely investigated.

aterials and methods

aterials

estriction enzymes, T4 DNA ligase and Taq DNA
olymerase were purchased from Fermentas (Glen
urnie, MD), and Promega (Madison, WI). Yeast
xtract was from Oxoid (Remel; Lenexa, KS). Plas-
id DNA was isolated using QIAprep®Spin Miniprep

it, and DNA fragments were purified using the
IAquick®Gel Extraction kit (Qiagen). All other
hemicals and reagents were analytical grade and
ere supplied by Sigma—Aldrich (St. Louis, MO).

trains and culture conditions

icroorganisms used in this study are indicated in
able 1. Bacteria and archaea were grown at 37 ◦C
n liquid cultures (150 rpm) or on solid medium sup-
lemented with 1.5% (w/v) agar. Cell growth was
onitored by measuring the optical density of the

ultures at 600 nm (OD600). N. magadii was grown
n Tindall medium (Tindall et al. 1984) containing
0 g/L YE; E. coli was grown in Luria Bertani medium
LB) supplemented with the indicated antibiotics.
. coli DH5� was used for routine cloning and trans-
ormed by the CaCl2 method (Sambrook and Russell
001).

loning strategy

enomic DNA was extracted from N. magadii
ells as previously described (Ng et al. 1995).

DNA fragment of the lon gene was ampli-
ed by PCR from N. magadii genomic DNA
sing degenerate oligonucleotide primers LonF
nd LonR (Table 1) designed on the basis of
ighly conserved amino acid sequences of haloar-
haeal Lon homologs. The PCR reaction contained:
enomic DNA (100 ng), deoxynucleotide triphos-
hate (200 �M), MgCl2 (1.5 mM), primers (1 �M),
CR buffer (1×) and Taq DNA polymerase (2 U).

he reaction was incubated at: (94 ◦C 2 min) 1
ycle; (94 ◦C 30 s, 55 ◦C 30 s, 72 ◦C 30 s) 30 cycles;
72 ◦C 2 min) 1 cycle. The amplified DNA fragment
f the expected size (∼0.4 kb) was gel-purified,
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Table 1. Strains, plasmids and oligonucleotide primers used in this study.

Strains and plasmids Phenotype, genotype or oligonucleotides
sequences

Source/reference

Bacterial/archaeal strains
N. magadii ATCC 43099 ATCC
E. coli DH5� F− recA1 endA1 gyrA96 thi-1 hsdR17(rk

− mk
+)

supE44 relA1 lac [F′ proAB lacIqZ
�M15::Tn10(Tetr)]

NE BioLabs

E. coli One Shot®TOP-10 F− mcrA �(mrr-hsdRMS-mcrBC) �80lacZ�M15
�lacX74 recA1 araD139 �(ara-leu) 7697 galU
galK rpsL (StrR) endA1 nupG �-

Invitrogen

E. coli ER 1647 F− fhuA2 (lacZ) r1 supE44 trp31
mcrA1272::Tn10(Tetr) his-1 rpsL104 (Strr)xyl-7
mtl-2 metB1 �(mcrC-mrr)102::Tn10(Tetr)
recD1040

Novagen

E. coli BM25.8 supE44, thi D(lac—proAB) [F′ traD36, proAB+,
lacIqZ�M15] limm434 (KanR)P1 (CamR) hsdR
(rk12

− mk12
−)

Novagen

E. coli BL21 Rosetta (DE3) F− ompT [Ion] hsd SB (rB mB) (an E. coli B
strain) with DE3, a � prophage carrying the T7
RNA polymerase gene

Novagen

Plasmids
pET-24b (+) Kmr; 5309-bp expression plasmid vector Novagen
pET-24 (+)-Nmlon-His6 Kmr; 2334-bp coding region of lon lacking the

translation stop codon (TAA) in the
NdeI—HindIII sites of pET-24b(+); Nm lon-his6

expressed in E. coli Rosetta (DE3)

This work

Primers
Lon-F (primer a) 5′-ATGAATTCGTCAACGGSCTCGCSGTSAT-3′ This work
Lon-R (primer b) 5′-TATAAGCTTGTTSGCCTYSGGGATGATGAC-3′ This work
LonR2 5′-GCGACGCGGACAAGTCCACC-3′ This work
LonR3 5′-ACCATTGCGTCCGTGCCGCG-3′ This work
LonR4 5′-GTAGACTGCGAGTTGGATGC-3′ This work
LonR5 5′-CTGCAGTTCGTAGTCCTTGC-3′ This work
LonF2 5′-CCTGCAGGATGTCTTGGTCT-3′ This work
LonF3 5′-GTCATCATTCCGAAGGCCAA-3′ This work
IPCR-R 5′-TGTGCGCGTCGATGATCTGT-3′ This work
IPCR-F 5′-GACGAGATGGTCGAGATCAT-3′ This work
Lon-NdeI-F 5′-ACAGATTCATATGAGCAACGATACGAACGT-3′ This work
Lon-HindIII-R non stop 5′-TTAAGCTTCTGTGGACTTGGGTTCGA-3′ This work
Primer e 5′-TTACTCTGCCGTCCACGTCA-3′ This work
Primer f 5′-CACCGTCGGCATTATCGTCA-3′ This work
Primer c 5′-AGAAGGACATCCACATCCAG-3′ This work
Primer d 5′-AGTCGACGCTGAACTCGATG-3′ This work

s
(
L
D
b
(
D

sequenced and labeled by random priming with
[�-32P] dCTP according to the manufacturer’s
instructions. The labeled fragment was used to
screen a genomic library of N. magadii into �Blue-
STAR vector (Novagen) (De Castro et al. 2008)
by hybridization. Positive plaques were detected
by autoradiography and purified. Cre-mediated

plasmid excision was performed using E. coli
BM 25.8. Plasmid DNA was amplified in E. coli
DH5�, subjected to restriction enzyme mapping and

a
l
(

equenced using the dideoxy termination method
Sanger et al. 1997) with primers LonF2-3 and
onR2-5 (Table 1) (Macrogen and Cornell University
NA Facilities). The 5′-end of Nmlon was obtained
y inverse PCR (I-PCR). N. magadii genomic DNA
1 �g) was digested with KpnI and electrophoresed.
NA fragments ranging from 2 to 4 kbp were purified

nd subjected to self-ligation (40 ng) using T4 DNA
igase in a final volume of 100 �l at 16 ◦C for 20 h
Ochman et al. 1988). The ligation products were
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on protease haloalkaliphilic archaeon Natrialba m

urified and one half was used as template for I-PCR
sing primers IPCR-F and IPCR-R (Table 1) designed
n internal nucleotide sequences of Nmlon. I-PCR
onditions were: (94 ◦C 5 min) 1 cycle; (94 ◦C 45 s,
2 ◦C 45 s, 68 ◦C 1 min) 30 cycles; (68 ◦C 5 min) 1
ycle.

ioinformatic analysis

NA and deduced protein sequences were com-
ared to public databases available at NCBI (www.
cbi.nlm.nih.gov) and MEROPS (www.merops.
anger.ac.uk) using BLAST. Sequence alignments
ere performed using CLUSTAL W2 and EMBOSS
airwase Alignment Algorithms tools from EMBL-EBI
www.ebi.ac.uk). Transmembrane segments were
redicted with Phobius (http://phobius.sbc.su.se).
he genetic organization of lon in prokaryotes
as analyzed using Microbes Online server (www.
icrobesonline.org).

xpression of Nmlon in E. coli and
urification of the recombinant protein

or expression in E. coli, the Nmlon coding region
2334 bp) was PCR-amplified with Pfx50 (Invitro-
en) from positive plaques using primers Lon-NdeI-F
nd Lon-HindIII-R-nonstop (Table 1) and the product
as cloned into TOPO blunt-end vector (Invit-

ogen). The nucleotide sequence of the inserts
as verified before subcloning. Plasmid DNA iso-

ated from recombinant colonies was digested
ith NdeI/HindIII and subcloned into the expres-

ion plasmid pET-24b(+) (Novagen). The resulting
onstruct encoded NmLon with a C-terminal poly-
istidine tag Ec-NmLonHis6. E. coli Rosetta (DE3)
ells harboring pET-NmLonHis6 was grown in
B medium containing 50 �g/ml kanamycin and
5 �g/ml chloramphenicol to an OD600 of 0.6—0.8.
xpression was induced by addition of 0.4 mM IPTG,
nd samples were taken after 3 h (25 ◦C, 150 rpm).
ells were harvested by centrifugation at 5000 × g
4 ◦C, 10 min) and analyzed for Lon production.
PTG-induced cells were centrifuged at 10,000 × g
4 ◦C, 10 min), suspended in 0.1 M sodium phosphate
uffer (pH 7.4), 10 mM MgCl2 and disrupted by son-
cation (30 s 6, 60 W). Cell debris were removed
y centrifugation at 4000 × g for 20 min and the
upernatant (cell extract, T) was incubated in pres-
nce of 1% (v/v) Triton X-100 (10 min, on ice)
nd centrifuged at 12,000 × g (4 ◦C, 10 min). The

upernatant was loaded onto a Ni2+ charged HiTrap
MAC HP column (0.7 cm × 2.5 cm) (Amersham). The
olumn was washed with 0.1 M sodium phosphate
pH 7.4), 10 mM MgCl2 and 1% (v/v) Triton X-
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00 with a flow rate of 0.5 ml/min. Ec-NmLonHis6
as eluted with the same buffer containing 0.3 M

midazole and dialyzed in 50 mM Tris—HCl (pH 8)
ontaining 3 M NaCl. To determine the subcellular
ocalization of NmLon, cell lysates of recombi-
ant E. coli and N. magadii were fractionated
nto cytosol and membranes by centrifugation at
00,000 × g (2 h, 4 ◦C). Subcellular fractionations
ere analyzed by SDS-PAGE (8%) and Colloidal
oomassie Blue staining (Candiano et al. 2004)
nd by Western blotting. Rabbit polyclonal anti-
mLon antibodies were generated using purified
c-NmLonHis6 as antigen by a specialized service
Natocor, Córdoba, Argentina). Western blots were
erformed by standard protocols using 1/10,000
nti-NmLon or 1/2000 anti-His6 antibodies (Amer-
ham) diluted in blocking buffer and 1/10,000
lkaline phosphatase-conjugated secondary anti-
ody. Molecular mass standards were Full-Range
ainbow Molecular Weight Markers (Amersham).

T-PCR

otal RNA was isolated from N. magadii cells at
ifferent growth stages using Trizol (Invitrogen).
NA concentration was determined spectropho-
ometrically at 260 nm and the integrity of RNA
as evaluated electrophoretically in agarose gels.

o eliminate residual contamination with genomic
NA, RNA samples were incubated with DNaseI
0.2 U/�g RNA) (Promega) at 37 ◦C for 2 h. The suc-
ess of this treatment was checked by PCR. cDNA
ynthesis was performed with 2 �g of DNA free-
NA, appropriate primers (0.5 �g) (Table 1), dNTPs
0.5 mM), M-MLV-RT buffer (1×) and M-MLV reverse
ranscriptase (200 U) (Promega) in a final volume
f 25 �l at 37 ◦C for 1 h. M-MLV-RT was inactivated
t 70 ◦C for 10 min. PCR reactions were performed
ith 2 �l of cDNA in a final volume of 25 �l. The sam-
les were preheated to 94 ◦C (5 min) followed by
5 amplification cycles consisting of denaturation
94 ◦C, 30 s), annealing (30 s, 50—54 ◦C), elongation
72 ◦C, 1—2 min) and a final extension cycle (72 ◦C,
min). For each primer pair, negative and posi-

ive controls were included to exclude genomic DNA
ontamination and to confirm primer specificity,
espectively.

RT-PCR products were fractionated on 1%
garose gels and analyzed by Southern blotting
Sambrook and Russell 2001). DNA probes were
mplified by PCR on N. magadii genomic DNA using

he primers indicated in Fig. 3 and labeled with
�-32P] dCTP using a random DNA labeling kit (Invit-
ogen). After hybridization (65 ◦C, overnight), the
embranes were washed at high stringency (up

http://www.ncbi.nlm.nih.gov/
http://www.merops.sanger.ac.uk/
http://www.ebi.ac.uk/
http://phobius.sbc.su.se/
http://www.microbesonline.org/
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Figure 1. Schematic representation of N. magadii Lon
protease. NmLon has an AAA+ domain containing two
transmembrane segments (TM) and a P-domain with a
catalytic tryad (D647, S650 and K693). The positions of
Walker A and B motifs, the Sensor 1, Sensor 2′, Sensor
2 and R-finger are indicated with the respective amino
acid residues. Amino acid residues of the active site are
i
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to 0.1× SSC-0.1% SDS at 65 ◦C), and incubated
10—60 min on imaging plate (Fuji) at room tem-
perature and then visualized with a Storm analyzer
(Amersham).

EMSA

Ec-NmLonHis6 (5—10 �g) was incubated with plas-
mid DNA (200 ng), genomic DNA (100 ng) or single
stranded oligonucleotides (20 ng) in a solution con-
taining 50 mM Tris—HCl (pH 8.0), 0.5, 1.5 or 3 M KCl
and 10 mM MgCl2 (25 �l total volume) for 30 min at
25 ◦C. Protein—DNA complexes were fractionated
by gel electrophoresis in 0.8—1% (w/v) standard
agarose (dsDNA) or 4.5% (w/v) low melting temper-
ature agarose (ssDNA) in 1× TBE buffer. DNA bands
were visualized by SYBR Safe (dsDNA) or SYBR Gold
(ssDNA) staining (Invitrogen). Binding assays were
performed at least three times.

Mass spectrometry

The purified Ec-NmLonHis6 was subjected to in
gel digestion with trypsin followed by peptide
mass fingerprinting by matrix assisted laser des-
orption ionization time-of-flight mass spectrometry
(MALDI-TOF) using a MALDI-TOF-TOF spectrometer,
Ultraflex II (Bruker), in the Mass Spectrometry Facil-
ity CEQUIBIEM, Argentina. NmLon identified by mass
spectrometry was deposited in the Pride database
under the accession number of 10537.

Nucleotide sequence accession number

The nucleotide sequence of the Nmlon gene was
deposited in GenBank database under the accession
number of GQ118993.

Results and discussion

Cloning and sequence analysis of the gene
encoding the N. magadii Lon protease

In this study the full-length gene encoding the N.
magadii ATCC 43099 ATP-dependent Lon protease
(Nmlon) was cloned by combining two different
strategies: by screening a genomic library of N.
magadii using a PCR-amplified probe specific for
the Lon protease followed by I-PCR. Nmlon is
2334 bp long and encodes a polypeptide of 778

amino acid residues with an estimated molecu-
lar mass of 84,269 Da, which is slightly higher
than that of the thermophilic Lon polypeptides
TaLon (72 kDa), TkLon (70 kDa), AfLon (68.2 kDa)

s
o
t
t

ndicated in bold letters.

nd MjLon (71.9 kDa) (Fukui et al. 2002; Besche
t al. 2004; Im et al. 2004; Botos et al. 2005). In
greement with the acidic nature of haloarchaeal
roteins (Mevarech et al. 2000), the predicted
mLon polypeptide contains 20% of acidic amino
cid residues and a theoretical pI of 4.42. Pro-
ein sequence alignment showed that NmLon is very
imilar (70—80%) to the predicted LonB proteases
f haloarchaea while it is less related (30—60%
imilarity) to the Lon homologs of other archaea
epresentatives.

NmLon contains the typical domains of LonB pro-
eases: the AAA+ domain at the N-terminus and
he P-domain at the C-terminus of the protein
Fig. 1). The AAA+ domain includes two transmem-
rane helices, which predict the membrane-bound
ocalization of the haloarchaeal protease. The anal-
sis of the primary sequence of NmLon revealed
onservation of the catalytic tryad Asp647, Ser650,
ys693 (Fig. 1) critical for the protease activity of
onB proteases (Maupin-Furlow et al. 2005).

After we cloned the gene encoding NmLon,
he complete genome of N. magadii 43099 was

equenced (CP001932), which allowed examination
f the potential regulatory elements as well as
he genomic organization flanking Nmlon. A puta-
ive TATA box (5′-TATATCAGT-3′) at −30 to −22 bp
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Figure 2. Genetic organization of Nmlon. (A) Tandem cluster of membrane proteases in N. magadii genome
(CP001932). Nmlon, orf 2, orf 3 and the corresponding intergenic regions are shown schematically with their respec-
tive sizes (bp). Potential TATA box and BRE-like elements of Nmlon promoter are indicated upstream of a putative
transcription start site (arrow). (B) Genomic organization of lon in haloarchaea. Haloarchaeal lon and neighbour genes
were extracted from complete genomic sequences [Natronomonas pharaonis DSM 2160 (CR936257), Haloarcula mari-
mortui ATCC 43049 (AY596297), Haloferax volcanii DS2 (haloVolc1 from Genome Browser Gateway), Halogeometricum
boriquense (ABTX00000000), Halomicrobium mukohataei DSM 12286 (CP001688), Halorhabdus utahensis DSM 12940
(CP001687). (C) RT-PCR analysis of lon, orf 2 and orf 3 transcripts. Total RNA from N. magadii was reverse-transcribed
into cDNA using the reverse primers b, d or e. cDNAs were used as templates for PCR with primers a, c and f in combina-
tion with b, d and e, as indicated. PCR-Products were detected by Southern blotting with 32P labeled-probes indicated
by a bold line below the genome representation. Identical amplifications with genomic DNA (50 ng) and DNaseI-treated
R ntro
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NA (200 ng) were performed as positive and negative co
xponentially growing cells are shown.

nd a transcription factor B recognition element
BRE) (5′-GGAGAAAG-3′) at positions −38 to −31
ere identified proximal to a putative transcription

tart site (A) (Fig. 2A). These boxes are conserved
n haloarchaeal lon promoters, however, their
ucleotide sequences differ significantly from those
f the typical promoters found in haloarchaea (5′-
TTAWAtr-3′ W = A/T, R = A/G) (Gregor and Pfeifer
005). Further upstream (−271 to −306), three
erfect 12-bp direct repeats (5′-GGTTTGGTTCGA-
′) were identified (not shown). It is possible that
hese elements may serve as the binding site for
egulatory trans-acting factors as observed in other
aloarchaeal promoters (Gregor and Pfeifer 2005).
potential ribosome-binding site (5′-GAACAGAG-

′) was identified at position +4 to +11.

enetic organization of Nmlon in N. magadii

xamination of the gene organization flanking

mlon revealed two open reading frames (orfs)
ownstream Nmlon (orf 1): orf 2 (1023 bp) and orf
(348 bp), each one flanked with their correspond-

ng initiation and termination codons and their

t
a
i
t

ls, respectively. PCR-Products obtained with cDNA from

ibosome-binding sites at the 5′-end. The predicted
ene products of orf 2 and orf 3 were annotated
n N. magadii genome (CP001932) as ‘‘abortive
nfection protein’’ and ‘‘hypothetical protein’’,
espectively. Based on conserved domain search
nd Blast search in MEROPS database, we found
hat the polypeptide encoded by orf 2 has six trans-
embrane domains, a signal peptide and contains

he typical domains of membrane metallo proteases
f the CAAX prenyl endopeptidase family. On the
ther hand, the polypeptide encoded by orf 3 con-
ains four transmembrane domains, a signal peptide
nd is ∼50% similar to the C-terminal domain of
n unassigned peptidase encoded by Natronomonas
haraonis. Nmlon, orf 2 and orf 3 are encoded in
he same strand and are physically located next to
nother forming a tandem cluster (orf 2 is 18 bp
part from Nmlon while orf 3 is separated from orf
by 44 bp) (Fig. 2A) suggesting that they may be co-

egulated at the level of gene expression. Adding

o this observation, no promoter-like elements
nd transcription termination sites were evidenced
n the intergenic regions, thus, we hypothesized
hat these genes may be functionally organized
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of NmLon during growth in N. magadii, Nmlon was
overexpressed in E. coli as a fusion protein with a
C-terminal His6 tag to facilitate its purification and
the generation of specific anti-NmLon antibodies.

A differential polypeptide with a relative mobil-
ity of 115 kDa was detected by colloidal Coomassie
Brillant Blue staining (not shown) and Western
blotting with anti-His antibody in E. coli cells har-
boring pET-NmlonHis6 after induction with IPTG
(Fig. 3). Lon polypeptide was enriched in the
membrane fraction indicating that the transmem-
brane anchor of NmLon was functional in E. coli.
To validate the identity of the recombinant pro-
tein, the Lon polypeptide was excised from the
gel, subjected to trypsin digestion and analyzed
by MALDI-TOF/TOF tandem mass spectrometry.
Four peptides (SIEQQLADDYIER, GVLFVDEINTLDVR,
LMTAIQEGEFSITGQSER and LVDQVIGQDEAR) were
detected which corresponded to the NmLon pro-
tease (Ec-NmLonHis6). The molecular mass of
Ec-NmLonHis6 polypeptide estimated by SDS-PAGE
(∼115 kDa) was higher than that calculated from
the translated sequence of Nmlon (84 kDa). This
fact was not surprising, as overestimation of the
molecular mass by SDS-PAGE has been observed
in other halophilic proteins due to the resistance
of the acidic polypeptides towards SDS denatura-
tion (Hou et al. 2000). Ec-NmLonHis6 was purified
by Ni2+-affinity chromatography to apparent homo-
geneity and with a high yield (20 mg protein/L
cell culture). Purified Ec-NmLonHis6 was used to
develop NmLon specific antibodies.

To assess the localization of Lon in the native
microbe, cytosol and membranes isolated from N.
magadii were probed with anti-NmLon antibodies
by Western blotting. NmLon was detected asso-
ciated to the membranes of N. magadii (Fig. 3),
confirming the predicted membrane insertion of the

Figure 3. Heterologous synthesis and cellular localiza-
tion of NmLon. Upper panel. Expression of Nmlon in E.
coli. Synthesis of Ec-NmLonHis6 was induced by addi-
tion of 0.4 mM IPTG for 3 h. A cell lysate of E. coli
transformed with pET24-NmLonHis6 was fractionated by
ultracentrifugation and the recombinant protease was
purified from the membrane fraction by Ni2+ affinity chro-
matography (NmLon). A cell lysate of E. coli transformed
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as an operon. By inspection of the genomic orga-
nization in other haloarchaea we observed that
the linkage between lon and orf 2 was conserved
(Fig. 2B).

To examine whether Nmlon was co-regulated
with orf 2 and 3, specific transcripts were analyzed
in N. magadii cells at different growth stages by
RT-PCR. PCR with primers a and b that hybridize to
Nmlon, as well as primers c and d that hybridize
to Nmlon and orf 2 (Fig. 2A) gave amplification
products of the expected sizes (420 and 948 bp,
respectively) (Fig. 2C). However, no products were
amplified with primers f or c combined with primer
e that binds orf 2 and 3 and orf 1, 2 and 3, respec-
tively. Transcriptional continuity between Nmlon
and (at least) orf 2 was also observed in Northern
blots as evidenced by the detection of hybridization
signals of similar size (>3 kb) with probes specific for
Nmlon and orf 2—3 (data not shown). The inabil-
ity to amplify a product with primers c-e or f-e
might result from inefficient binding of primer e
to the RNA template and/or premature reverse
transcription termination by M-MLV-RT enzyme. On
the other hand, we cannot rule out the possibil-
ity that cryptic promoters and/or terminators may
be used to control gene expression in this operon
in response to changing environments/conditions.
Future studies will be conducted to examine lon
mRNA expression in cells subjected to different
conditions and to investigate whether lon, orf 2
and orf 3 are co-transcribed (or not) under such
conditions.

Although the genetic organization of lon in
archaea and bacteria predicts that this gene
forms clusters with others of diverse functional
categories, to the best our knowledge, the tran-
scriptional linkage between lon and its neighbour
genes has not been confirmed. The physiologi-
cal significance of the clustering of Nmlon and
orf 2 is not clear. Taking into account that in
prokaryotes genes of related function are fre-
quently co-transcribed as a single polycistronic
mRNA, we can speculate that these proteases may
be needed under similar physiological conditions.
Alternatively, the physical organization of mem-
brane proteins as tandem clusters may facilitate
the mechanism of protein translocation to the cell
membrane, as previously suggested (Kihara and
Kanehisa 2009).

Subcellular localization and expression of

Lon during growth in N. magadii

To validate the predicted membrane insertion of
NmLon as well as to examine the cellular levels

with empty vector was used as a negative control. NmLon
was detected by Western blotting with anti-His antibody.
Lower panel. Immunodetection of Lon in N. magadii. Cell
lysate (T); cytosol (C); membranes (M).
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Figure 4. Detection of Lon throughout growth in N.
magadii. (A) N. magadii was grown in Tindall medium
containing 20 g/L YE. Samples were withdrawn in early
exponential (E, OD600 0.3), late exponential (LE, OD600

1.2) and stationary (S, OD600 2.5) growth phases (arrows).
(B) Detection of Lon specific transcripts by RT-PCR. The
ethidium bromide staining profile of ribosomal RNAs are
shown as an indication of the quality of the RNA sam-
ples. Lon mRNA was amplified using primers a and b and
detected by Southern blotting as described in Fig. 2. (C)
Detection of NmLon in cell membranes (10 �g prot./lane)
b
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y Western blotting with anti-NmLon antibodies.

aloarchaeal Lon protease. This result, in agree-
ent with those obtained for the thermophilic

on proteases TkLon and TaLon (Fukui et al. 2002;
esche et al. 2004), clearly demonstrate that the
rchaeal-type LonB protease is a membrane-bound
nzyme unlike the cytosolic LonA proteases of bac-
erial and eukaryotic origin.

The cellular mRNA and protein content of NmLon
hroughout growth in N. magadii were examined by
T-PCR and Western blotting, respectively. Lon spe-
ific transcripts were expressed in N. magadii cells
arvested at different growth stages, correlating
ith the detection of an immunoreactive protein
f the expected size (∼115 kDa) (Fig. 4). The rela-

ive concentration of both Lon mRNA and protein
eemed to increase as the culture aged. Taking
nto account that in silico analysis predicts that the
on protease is the only identified ATP-dependent

e
i
t
t

ii 311

embrane-bound protease in archaea (including
. magadii), in parallel, we attempted to deter-
ine ATP-dependent membrane-bound caseinolytic

ctivity. Surprisingly, although basal levels of Lon
pecific mRNA and protein were expressed in
. magadii throughout growth, protease activ-

ty was only detectable in membranes isolated
rom stationary phase cells (not shown), suggest-
ng that NmLon may be activated by intracellular
ignals (denatured protein substrates, metabolic
roducts) induced under specific physiological con-
itions. However, we cannot completely rule out
he possibility that an unidentified ATP-dependent
embrane-bound-casein degrading activity may be
resent in stationary phase cells of N. magadii. A
uantitative analysis of the cellular content of Lon
at the mRNA, protein and activity levels) in N.
agadii cells subjected to different conditions will
rovide insight into the potential physiological role
f Lon in N. magadii and will guide future studies
imed at addressing the biological function of this
rotease in haloarchaea.

NA-binding of NmLon

t is assumed that the A subfamily (bacterial and
ukaryal Lon proteases) are DNA-binding proteins
Fu et al. 1997; Lee et al. 2004; Lu et al. 2007). To
xamine the interaction of the archaeal-type LonB
rotease with DNA, EMSA were performed using
urified Ec-NmLonHis6. Considering the halophilic
ature of this protein, incubations were performed
n the presence of 0.5, 1.5 and 3 M KCl. As it is
hown in Fig. 5A, migration of DNA was shifted
pon addition of Ec-NmLonHis6, indicating the for-
ation of protein—DNA complexes. Similar results
ere observed in the presence of 1.5 and 3 M
Cl concentrations (not shown), however, migra-
ion of Lon—DNA complexes was anomalous due
he high salt concentration in the samples. These
esults showed that NmLon can interact with DNA
olecules (single and double stranded), demon-

trating that DNA-binding is conserved in the LonB
ubfamily as well. Studies on the degree of speci-
city of the DNA-binding, the relevant domains of
he protease involved in this interaction as well
s the effect that DNA-binding exerts of the enzy-
atic activities of Lon are somewhat controversial

Lee and Suzuki 2008). A 35 bp element referred to
s pets has been shown to be a target for EcLon
Fu et al. 1997). In mammalian cells, HsLon prefer-

ntially binds G-rich single stranded DNA located
n the control region for mitochondrial replica-
ion and transcription (Fu et al. 1997). Based on
hese evidences and taking into account that both
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Figure 5. DNA-binding of NmLon. (A) EMSA. Bind-
ing reactions containing 5 �g of affinity-purified Ec-
NmLonHis6 (or BSA) and DNA (200 ng plasmid, 100 ng
genomic DNA or 20 ng oligonucleotides) were incu-
bated at 25 ◦C for 30 min in the presence of 0.5 M
KCl. Protein—DNA complexes were analyzed by agarose
gel electrophoresis and stained with SYBR Safe (dsDNA)
or SYBR Gold (ssDNA). (B) Comparison of the �-
domains of NmLon (Nm) and BtLon (Bt). The amino
acid sequence alignment was generated using EMBOSS
Pairwase Alignment Algorithms. Sequences used in the
analysis (GenBank accession numbers): Nm, residues
441—558 (ACR43883); Bt, residues 491—585 (AY197372).
Identical residues are shown in white letters and black
background; conserved residues are shown in white
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protease from Thermoplasma acidophilum. FEBS Lett
letters and gray background. Conserved lysines and
arginines are indicated with asterisks.

the bacterial and eukaryotic Lon degrade proteins
involved in transcription and/or DNA methylation,
it was suggested that the DNA-binding activity of
Lon may facilitate the accessibility of this protease
to the specific substrates (Lee and Suzuki 2008).
The �-domain of the Lon protease from Brevibacil-

lus thermoruber WR-249 (BtLon) has a critical role
in DNA-binding specificity and positively charged
amino acids located in this domain are relevant to

B

D.E. Sastre et al.

NA-binding (Lin et al. 2009). To further explore on
he DNA-binding activity of NmLon, the �-domain
f NmLon was aligned to that from BtLon. Although
he overall similarity was low (42%), about 70% of
he arginine and lysine residues were conserved
Fig. 5B). The relative concentration of basic amino
cids in this domain was significantly increased
NmLon �-domain R + K = 21.2%, pI = 9; NmLon full-
ength R + K = 9.6%, pI = 4.4) as observed in BtLon
BtLon �-domain R + K = 21%, pI = 9.9; BtLon full-
ength R + K = 14.5%, pI = 6.1). The importance of
ositive charge on DNA—protein interaction was
lso demonstrated for the processivity subunit of
he Herpes simplex virus DNA polymerase (Komazin-
eredith et al. 2008).
Although transmembrane DNA-binding proteins

re rare, there exist membrane-bound regulators
n bacteria. The BcrR protein was identified as a
embrane-bound sensor and DNA-binding protein,
hich confers high level bacitracin resistance in
nterococcus faecalis (Gauntlett et al. 2008). Other
xamples include the ToxR family in Vibrio cholerae
nd close relatives (Osorio and Klose 2000).

In summary, this study shows that haloarchaea
xpress a membrane-bound Lon homolog that
elongs to the B family and which displays DNA-
inding activity in vitro in the presence of elevated
alt concentrations, a feature that may be relevant
or its physiological role. Nmlon is co-regulated
ith a membrane metalloprotease gene and is
xpressed at the mRNA and protein levels through-
ut growth in N. magadii. Ongoing studies are
ocused at elucidating the role of the Lon protease
n the physiology of haloarchaea by means of bio-
hemical and genetic studies.

cknowledgements

iego Sastre is a graduate student supported by
fellowship from CONICET (Argentina). This work
as supported by research grants from ANPCyT

PICT 15-25456), CONICET (PIP-6522), UNMdP (Exa
67/07), Argentina, awarded to R. De Castro. The
uthors thank Dr. M.I. Giménez for carefully reading
he manuscript and helpful suggestions.

eferences

esche H, Tamura N, Tamura T, Zwickl P. Mutational anal-
ysis of conserved AAA+ residues in the archaeal Lon
2004;574(1—3):161—6.
otos I, Melnikov EE, Cherry S, Kozlov S, Makhovskaya OV,

Tropea JE, et al. Atomic-resolution crystal structure



L agad

C

D

D

F

F

G

G

H

I

K

K

L

L

L

L

L

M

M

N

O

O

R

S

S

T

V

on protease haloalkaliphilic archaeon Natrialba m

of the proteolytic domain of Archaeoglobus fulgidus
lon reveals the conformational variability in the
active sites of lon proteases. J Mol Biol 2005;351(1):
144—57.

andiano G, Bruschi M, Musante L, Santucci L, Ghiggeri
GM, Carnemolla B, et al. Blue silver: a very sensi-
tive colloidal Coomassie G-250 staining for proteome
analysis. Electrophoresis 2004;25(9):1327—33.

e Castro RE, Maupin-Furlow JA, Gimenez MI, Her-
rera Seitz MK, Sanchez JJ. Haloarchaeal pro-
teases and proteolytic systems. FEMS Microbiol Rev
2006;30(1):17—35.

e Castro RE, Ruiz DM, Gimenez MI, Silveyra MX, Paggi
RA, Maupin-Furlow JA. Gene cloning and heterol-
ogous synthesis of a haloalkaliphilic extracellular
protease of Natrialba magadii (Nep). Extremophiles
2008;12(5):677—87.

u GK, Smith MJ, Markovitz DM. Bacterial protease Lon
is a site-specific DNA-binding protein. J Biol Chem
1997;272(1):534—8.

ukui T, Eguchi T, Atomi H, Imanaka T. A membrane-bound
archaeal Lon protease displays ATP-independent pro-
teolytic activity towards unfolded proteins and
ATP-dependent activity for folded proteins. J Bacteriol
2002;184(13):3689—98.

auntlett JC, Gebhard S, Keis S, Manson JM, Pos
KM, Cook GM. Molecular analysis of BcrR, a
membrane-bound bacitracin sensor and DNA-binding
protein from Enterococcus faecalis. J Biol Chem
2008;283(13):8591—600.

regor D, Pfeifer F. In vivo analyses of constitutive and
regulated promoters in halophilic archaea. Microbiol-
ogy 2005;151(Pt 1):25—33.

ou S, Larsen RW, Boudko D, Riley CW, Karatan E, Zim-
mer M, et al. Myoglobin-like aerotaxis transducers in
Archaea and Bacteria. Nature 2000;403(6769):540—4.

m YJ, Na Y, Kang GB, Rho SH, Kim MK, Lee JH,
et al. The active site of a lon protease from
Methanococcus jannaschii distinctly differs from the
canonical catalytic Dyad of Lon proteases. J Biol Chem
2004;279(51):53451—7.

ihara D, Kanehisa M. Tandem clusters of membrane pro-
teins in complete genome sequences. Genome Res
2009;10(6):731—43.

omazin-Meredith G, Santos WL, Filman DJ, Hogle JM,
Verdine GL, Coen DM. The positively charged surface
of herpes simplex virus UL42 mediates DNA-binding. J
Biol Chem 2008;283(10):6154—61.

ee AY, Hsu CH, Wu SH. Functional domains of Brevibacil-
lus thermoruber lon protease for oligomerization
and DNA binding: role of N-terminal and sensor

and substrate discrimination domains. J Biol Chem
2004;279(33):34903—12.

ee I, Suzuki CK. Functional mechanics of the ATP-
dependent Lon protease—–lessons from endogenous

Y

ii 313

protein and synthetic peptide substrates. Biochim Bio-
phys Acta 2008;1784(5):727—35.

in YC, Lee HC, Wang I, Hsu CH, Liao JH, Lee AY,
et al. DNA-binding specificity of the Lon protease
alpha-domain from Brevibacillus thermoruber WR-
249. Biochem Biophys Res Commun 2009;388(1):62—6.

u B, Yadav S, Shah PG, Liu T, Tian B, Pukszta S,
et al. Roles for the human ATP-dependent Lon pro-
tease in mitochondrial DNA maintenance. J Biol Chem
2007;282(24):17363—74.

upas A, Flanagan JM, Tamura T, Baumeister W. Self-
compartmentalizing proteases. Trends Biochem Sci
1997;22(10):399—404.

aupin-Furlow JA, Gil MA, Humbard MA, Kirkland
PA, Li W, Reuter CJ, et al. Archaeal proteasomes
and other regulatory proteases. Curr Opin Microbiol
2005;8(6):720—8.

evarech M, Frolow F, Gloss LM. Halophilic enzymes:
proteins with a grain of salt. Biophys Chem
2000;86(2—3):155—64.

g WV, Yang CF, Halladay JT, Arora P, DasSarma S. Isola-
tion of genomic and plasmid DNAs from Halobacterium
halobium. In: DasSarma S, Fleischmann EM, editors.
Archaea, a laboratory manual. Halophiles. NY: Cold
Spring Harbor Laboratory Press; 1995.

chman H, Gerber AS, Hartl DL. Genetic applications
of an inverse polymerase chain reaction. Genetics
1988;120(3):621—3.

sorio CR, Klose KE. A region of the transmembrane
regulatory protein ToxR that tethers the transcrip-
tional activation domain to the cytoplasmic membrane
displays wide divergence among Vibrio species. J Bac-
teriol 2000;182(2):526—8.

otanova TV, Melnikov EE, Khalatova AG, Makhovskaya
OV, Botos I, Wlodawer A, et al. Classification of ATP-
dependent proteases Lon and comparison of the active
sites of their proteolytic domains. Eur J Biochem
2004;271(23-24):4865—71.

ambrook J, Russell DW. Molecular cloning: a labora-
tory manual. NY: Cold Spring Harbor Laboratory Press;
2001.

anger F, Nicklen S, Coulson AR. DNA sequencing with
chain-terminating inhibitors. Proc Natl Acad Sci USA
1997;74(12):5463—7.

indall BJ, Mills AA, Grant WD. Natronobacterium gen
nov. and Natronococcus gen. nov. two genera of
haloalkaliphilic archaebacteria. Syst Appl Microbiol
1984;5:41—57.

an Melderen L, Aertsen A. Regulation and quality
control by Lon-dependent proteolysis. Res Microbiol
2009;160(9):645—51.
oung Jun A, Supangat Supangat CR-L, Lee HS, Lee J-
H, Kang SG, Cha S-S. Crystallization and preliminary
X-ray crystallographic analysis of Lon Thermococcus
onnurineus NA1. Acta Crystallogr 2010;F66:54—6.


	The Lon protease from the haloalkaliphilic archaeon Natrialba magadii is transcriptionally linked to a cluster of putative membrane proteases and displays DNA-binding activity
	Introduction
	Materials and methods
	Materials
	Strains and culture conditions
	Cloning strategy
	Bioinformatic analysis
	Expression of Nmlon in E. coli and purification of the recombinant protein
	RT-PCR
	EMSA
	Mass spectrometry
	Nucleotide sequence accession number

	Results and discussion
	Cloning and sequence analysis of the gene encoding the N. magadii Lon protease
	Genetic organization of Nmlon in N. magadii
	Subcellular localization and expression of Lon during growth in N. magadii
	DNA-binding of NmLon

	Acknowledgements
	References


