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Mycobacterium tuberculosis nucleoid-associated
DNA-binding protein H-NS binds with high-affinity
to the Holliday junction and inhibits strand
exchange promoted by RecA protein
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ABSTRACT

A number of studies have shown that the structure
and composition of bacterial nucleoid influences
many a processes related to DNA metabolism.
The nucleoid-associated proteins modulate not
only the DNA conformation but also regulate the
DNA metabolic processes such as replication,
recombination, repair and transcription.
Understanding of how these processes occur in
the context of Mycobacterium tuberculosis
nucleoid is of considerable medical importance
because the nucleoid structure may be constantly
remodeled in response to environmental signals
and/or growth conditions. Many studies have
concluded that Escherichia coli H-NS binds to DNA
in a sequence-independent manner, with a prefer-
ence for A-/T-rich tracts in curved DNA; however,
recent studies have identified the existence of
medium- and low-affinity binding sites in the
vicinity of the curved DNA. Here, we show that the
M. tuberculosis H-NS protein binds in a more
structure-specific manner to DNA replication and
repair intermediates, but displays lower affinity for
double-stranded DNA with relatively higher GC
content. Notably, M. tuberculosis H-NS was able
to bind Holliday junction (HJ), the central recombi-
nation intermediate, with substantially higher affin-
ity and inhibited the three-strand exchange
promoted by its cognate RecA. Likewise, E. coli
H-NS was able to bind the HJ and suppress DNA
strand exchange promoted by E. coli RecA,
although much less efficiently compared to
M. tuberculosis H-NS. Our results provide new
insights into a previously unrecognized function

of H-NS protein, with implications for blocking the
genome integration of horizontally transferred
genes by homologous and/or homeologous
recombination.

INTRODUCTION

The bacterial nucleoid is a dynamic entity whose structure
and composition is governed by a delicate balance
between a plethora of nucleoid-associated proteins
(NAPs), global superhelicity and general transcription
status of the cell (1-4). The NAPs are ‘architectural’
proteins that profoundly affect not only the DNA confor-
mation but also regulate the DNA metabolic processes
such as replication, recombination, repair and transcrip-
tion; however, their precise roles in these processes remain
poorly understood (4-10). The most abundant NAPs,
which exist often at micromolar concentrations, are HU,
IHF, H-NS, Fis and Dps proteins (3—6). The NAP pool in
Escherichia coli consists of 10-20 DNA binding proteins
(7). However, H-NS (histone nucleoid structuring protein)
and its paralogue, StpA (suppressor of td mutant
phenotype A) are major protein components of the
nucleoid structure in Escherichia coli and Salmonella
enterica serovar Typhimurium (11). It has also been
proposed that these two proteins form part of a global
regulation network (8,12,13) and, an integral part of the
protein scaffold responsible for DNA condensation in
these organisms (5,8). Although their mechanism of con-
version of linear DNA into supramolecular structure is
beginning to be understood, little is known about how
the NAPs engage their DNA substrates.

Genetic studies in both Salmonella and E. coli have
shown that mutations in the sns gene display pleiotropic
phenotypes, many of which are linked to adaptation to
environmental stress such as increased resistance to
osmotic and cold shock in Salmonella (14), carbon
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source utilization (15), homologous recombination and
genome stability in E. coli (16,17). Studies in E. coli and
other enterobacteria have revealed that H-NS plays a dual
role of architectural organization of the nucleoid and reg-
ulator of gene expression of about 5% of the total chro-
mosomal genes (see refs 8§10 and references therein).
Consistent with the pleiotropic effects of Ans mutations,
transcriptomic studies suggest that 1439 genes were
regulated by H-NS in S. typhimurium (18-20). Likewise,
in uropathogenic E. coli strain, 536, H-NS regulates the
expression of more than 500 genes, including many viru-
lence factors such as fimbriae, cytotoxins and siderophores
(21). Consequently, H-NS has been regarded as a
paradigm to understand the role(s) of NAPs as a global
regulator of gene expression, environmental adaptation
and virulence (8-15). H-NS is responsible for silencing
the expression of horizontally acquired DNA (19,20).
A combination of in vivo and in vitro approaches have
demonstrated that binding of H-NS to linear duplex
DNA to be sequence non-specific; however, with a prefer-
ence for A/T rich tracts embedded in curved DNA
(19,22-27). Recently, specific high-affinity DNA binding
sites have been identified (28), and these sites may serve
as initiation sites for supra-structuring via H-NS
oligomerization (29-31). Although, oligomerization is
not required for interactions of H-NS with DNA, this
property has been suggested to be essential for its archi-
tectural function (5). Like in E. coli, hns mutations in
other types of bacteria display pleiotropic effects
(15,32-36). Interestingly, /ns mutations show an increase
in the frequency of illegitimate recombination and reduced
intra-chromosomal recombination (37,38). Several studies
have shown that H-NS recognizes and transcriptionally
represses horizontally transferred sequences in enteric
bacteria in a process known as xenogeneic silencing
(39,40). The repression mechanisms include promoter
exclusion and RNA polymerase entrapment, both
depend on the ability of H-NS to bind DNA and
undergo oligomerization (see refs 8§—12 and references
therein). Although silencing of horizontally acquired
DNA sequences may avoid potential toxic effects, the
acquired genes must be expressed if they are to contribute
to the organism to change its phenotype. This means that
bacteria must have evolved means to counteract the H-NS
silencing effects and to transcribe the acquired genes when
their products are needed (39,40). It is unknown whether
H-NS can also function as a repressor of other DNA met-
abolic processes such as replication, recombination or
repair.

The progress in sequencing of entire microbial genomes
has led to the discovery of several genes encoding
homologues or interaction partners for H-NS (see refs
812 and references therein). Two mycobacterial NAPs
have been studied in some detail: histone like protein
(with homology to ecubacterial HU protein) from
Mycobacterium tuberculosis, Mycobacterium smegmatis
and Mycobacterium bovis, and Lsr2 from M. tuberculosis
and M. smegmatis (41-45). However, much less is known
about the nucleoid structure and roles of NAPs in the
tubercle bacillus. To insure the stability of its genome,
adaptation of M. tuberculosis to persistence, latency and

drug tolerance (as conferred by the state of non-
replication) most likely requires changes in the expression
pattern of nucleoid proteins (1-4). To gain insights into
the mechanism(s) by which /ns mutations affect the
recombination events, we have studied the biochemical
activities of M. tuberculosis H-NS protein. Here, we
show that the M. tuberculosis H-NS protein binds in a
more structure-specific manner to DNA replication/
repair intermediates, but with substantially higher
affinity to the Holliday junction (HJ), and abolished the
three-strand exchange promoted by its cognate RecA
protein. Consistent with M. tuberculosis H-NS, E. coli
H-NS was able to bind the HJ and suppress DNA
strand exchange, although much less efficiently than
M. tuberculosis H-NS. Our results provide new insights
into a previously unrecognized mechanism of H-NS
function, with implications for blocking the genome inte-
gration of horizontally transferred genes by homologous
and/or homeologous recombination.

EXPERIMENTAL PROCEDURES
Enzymes, DNA, bacterial strains and biochemicals

Fine chemicals were purchased from GE biosciences and
Sigma. Restriction endonucleases, T4 DNA ligase,
T4 polynucleotide kinase and Taq polymerase were
purchased from New England Biolabs (NEB).
Escherichia coli strain BL-21(DE3)pLysS strain and
plasmid pET17b were purchased from Novagen.
[y-**P]JATP was purchased from Bhabha Atomic
Research Center, Mumbai. Fast performance liquid
chromatography columns were purchased from GE
Biosciences. Escherichia coli and M. tuberculosis RecA
was purified as described (46).

ODNs were synthesized by Sigma-Genosys and their
sequences are shown in Table 1. The ODNs were labeled
at the 5-end by using [y->PJATP and T4 polynucleotide
kinase (New England Biolabs). The HJ, DNA replication
fork and Y-shaped DNA substrates were prepared and
characterized as described (47). Briefly, stoichiometric
amounts of four purified ODNs were annealed by incuba-
tion in 0.3 M sodium citrate buffer (100 pl), pH 7, contain-
ing 3M NacCl at 95°C for 3 min, followed by at 20°C for
4h. The HJ was prepared by mixing ODNI1, ODN2,
ODN3 and 4; DNA replication fork from ODN2, 3, 5
and 6; Y-shaped junction from ODN2 and 3;
double-stranded DNA with 70% GC base pairs from
ODN7 and 8, and double-stranded DNA with 40% GC
base pairs from ODNO and 10. The annealing mixture was
electrophoresed on a 6% polyacrylamide gel in 45mM
Tris—borate buffer (pH 8.3) containing 1 mM EDTA at
10V/ecm for 3h. The bands corresponding to the
annealed substrates were excised from the gel, eluted
into TE buffer (10 mM Tris—HCI, pH 7.5, I mM EDTA).

Construction of an M. tuberculosis hns expression plasmid

The coding sequence corresponding to the /ns gene of
M. tuberculosis H37Rv (Rv3852) was PCR-amplified
from its genomic DNA wusing the following ODNs
(forward primer, 5-GAGGGCCATATGCCAGACCCG



Table 1. Sequences of oligonucleotides used in this study
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ODN 1
ODN 2
ODN 3
ODN 4
ODN 5
ODN 6
ODN 7 70% GC (+ Strand)

5-GCCGTGATCACCAATGCAGATTGACGAACCTTTGCCCACGT-3’
5'-GACGTGGGCAAAGGTTCGTCAATGGACTGACAGCTGCATGG-3’
5'-GCCATGCAGCTGTCAGTCCATTGTCATGCTAGGCCTACTGC-3’
5'-GGCAGTAGGCCTAGCATGACAATCTGCATTGGTGATCACGG-3’
5'-GCAGTAGGCCTAGCATGA-3'

5-CGAACCTTTGCCCACGTC-3'
SGCGGTGGACGGCTGGGTCGGGTGGTGAGTGGGTTGCGATGGAGGTGGTGGGCTAGGGGGC

TTAGGGGGGAGTCGGTGGTGG-3'

ODN 8 70% GC (—Strand)

ODN 9 40% GC (+ Strand)

5'-CCACCACCGACTCCCCCCTAAGCCCCCTAGCCCACCACCTCCCATCGCCAACCCACTCACCACC
CGACCCAGCCGTCCACCGC-3
5-GTACTATACGGTTGTACAGTGTTGTTAGTGAGTTGAAGATTGGAAGTAGTTTGCTAGGTGTCT

TAGGAGAGAATCGTTAGTGT-3

ODN 10 40% GC (—Strand)

ODN 11 50% GC (+ Strand)

5-ACACTAACGATTCTCTCCTAAGACACCTAGCAAACTACTTCCAATCTTCAACTCACTAACAACA
CTGTACAACCGTATAGATC-3'
5'-GTACTGTACGGCTGGACAGTGTTGTGAGTGAGTTGAAGATGGGAGGTAGTGTGCTAGGTGG

CTTAGGAGAGAGTCGTTAGTGT-3

ODN 12 50% GC (—Strand)

5'-ACACTAACGACTCTCTCCTAAGCCACCTAGCACACTACCTCCCATCTTCAACTCACTCACAACA
CTGTCCAGCCGTACAGATC-3'

CAGGATCG-3' and reverse primer, 5-CGCATTGAGC
TCAGCGGCGGCGCAGTTGC-3') carrying the sites for
Ndel and Sacl. The PCR product was gel purified and
digested with restriction enzymes. The DNA was extracted
with phenol-chloroform, precipitated by ethanol and
ligated into pET17b (Novagen) expression vector. A
portion of the ligation mixture was used to transform
E. coli DH5a cells. The identity of the recombinant
plasmid was ascertained by restriction analysis and
DNA sequencing. These analyses revealed a sequence,
which is identical to that of the M. tuberculosis hns gene
(Rv3852) as annotated by the genome project
(http://genolist.pasteur.fr/TubercuList/index.html)  (48).
The resultant plasmid was designated pMTHNS.

Opverexpression and purification of M. tuberculosis
Rv3852 in E. coli

H-NS protein was overexpressed in E. coli strain
BL21(DE3)pLysS harboring the plasmid pMTHNS.
Bacteria were grown in LB broth supplemented with
antibiotics (100 pg/ml  ampicillin =~ and 34 pg/ml
chloramphenicol) at 37°C to Agg of 0.6. H-NS was
induced by the addition of 0.5mM IPTG, and the
cultures were incubated for overnight at 18°C. Cells
were collected by centrifugation, washed in STE buffer
[10mM Tris-HCI (pH 8), 100mM NaCl and 1mM
EDTA], resuspended in buffer A [10mM Tris—HCI (pH
7.5), 4mM EDTA, 5SmM DTT, 150mM NaCl, and 5%
(v/v) glycerol], and stored at —80°C. Cells were thawed
and lysed by sonication (Model No. GEX-750,
Ultrasonic Processor) on ice at 60% duty cycles in a
pulse mode. The sonicated suspension was centrifuged in
a Beckman Ti-45 rotor at 30000 r.p.m. for 1h at 4°C. To
the supernatant, solid ammonium sulfate was added to
40% saturation at 4°C and the precipitate was removed
by centrifugation. To the supernatant, ammonium sulfate
was added to 60% saturation at 4°C, and the precipitated
proteins were recovered by centrifugation. The precipitate
was resuspended and dialyzed overnight against buffer A
at 4°C. The dialyzed sample was then loaded onto a
dsDNA-cellulose column that had been previously

equilibrated with buffer A. H-NS was cluted with a
50 — 1M linear gradient of NaCl in buffer A. Peak frac-
tions were pooled and dialyzed against buffer B [10 mM
Tris=HCI (pH 7.5), 4mM EDTA, 5mM DTT, 500 mM
NaCl and 10% (v/v) glycerol]. The dialyzed sample was
loaded onto a Superdex-75 gel-filtration column. Peak
fractions were pooled, dialyzed against storage buffer C
(20mM Tris—HCIL, pH 7.5, 0.5mM EDTA, 0.5mM DTT,
50mM NaCl and 20% glycerol). The purity of H-NS was
assessed by SDS-PAGE and found to be >98%. Aliquots
of M. tuberculosis H-NS were stored at —80°C.

Overexpression and purification of E. coli H-NS

Escherichia coli H-NS was overexpressed in E. coli
UT5600 cells containing Ans plasmid, pPLc2833 (a kind
gift of Drs R. Spurio and C. O. Gualerzi, University of
Rome-Tor Vergata, 00133 Rome, Italy) as described (49).
The expressed protein was purified to homogeneity by
chromatography on a double-stranded DNA-cellulose
column, which retained H-NS, whereas many other
proteins flowed through the column. The bound proteins
were eluted by a linear gradient of NaCl (150 mM —1 M)
in buffer A. Fractions containing H-NS were pooled and
subjected to gel filtration through a Superdex S-75
column. The H-NS containing fractions were pooled and
dialyzed into storage buffer C and stored at —80°C. The
resulting E. coli H-NS protein was >95% pure by SDS—
PAGE.

Glutaraldehyde crosslinking of M. tuberculosis H-NS

Reaction mixtures (25ul) contained 16 mM Tris—HCI
(pH 7.5), 16% glycerol, 0.4mM EDTA, 0.4mM DTT,
40mM NaCl, 6.5uM H-NS and the indicated amounts
of freshly diluted glutaraldehyde. After incubation at
37°C for 20min, the samples were diluted into gel
loading buffer, incubation was extended for 3min at
95°C. Samples were loaded onto 15% SDS-PAGE. The
products were visualized by staining with silver nitrate.
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Gel mobility shift assay

Reaction mixtures (20 pul) contained 20mM Tris—HCI
(pH 8), 20mM KCI, I mM DTT, 1 mM potassium phos-
phate, 5% glycerol, 20mM EDTA, *?P-labeled DNA
substrate and M. tuberculosis or E. coli H-NS at concen-
trations as specified in the figure legends. After incubation
at 37°C for 20 min, 2.5 pl of 10 x loading dye [0.42% (w/v)
bromophenol blue and xylene cyanol in 50% glycerol] was
added to each sample, and were electrophoresed on 6%
polyacrylamide gel in 18 mM Tris—borate (pH 8.3) con-
taining 0.4mM EDTA at 80V at 4°C. The duration of
electrophoresis was as follows: in the case of M. tubercu-
losis H-NS, 16 h for complexes with HJ, replication fork
or Y-shaped DNA structures, and 8h with ssDNA and
dsDNA, respectively. In case of E. coli H-NS, 15h for
complexes with HJ and 2.5h for replication fork and
dsDNA, respectively. The gels were dried, and the bands
were visualized using a Fuji FLA-9000 phosphorimager.
The bands were quantified using UVI-BAND MAP and
the data was plotted in GraphPad Prism version 4.0.

H-NS constrains negative supercoiling in DNA

One microgram of pBend3 form I DNA was incubated in
a buffer (25ul) containing 50mM Tris-HCI (pH 7.5),
50mM NaCl, ImM DTT, 100ug/ml bovine serum
albumin with indicated amounts of H-NS at 37°C for
20min. Wheat germ topoisomerase I (2U) (Promega)
was then added and incubation was continued at 37°C
for 1h. Samples were deproteinized with proteinase K
(0.4mg/ml), ETDA (5mM) and SDS (0.1%) at 37°C for
15min. The reaction was terminated by the addition of
2.5ul of 10 x gel loading dye [0.42% (w/v) bromophenol
blue and xylene cyanol in 50% glycerol]. The samples were
electrophoresed on 0.8% agarose gel in 89 mM Tris—
borate buffer (pH 8.3), at 3V/cm at 4°C for 20h. The
gel was soaked in 300 ml of electrophoresis buffer contain-
ing 0.5 pg/ml ethidium bromide for 1 h, rinsed thoroughly
with water, and captured using UVI gel documentation
system.

Three-strand exchange assay

The assay was performed as described (46). Briefly,
reaction mixtures (15pul) containing 20mM Tris—HCI
(pH 7.5), 3mM dATP, 8 mM MgCl,, 2uM ssDNA
(ODNI11) was incubated with 1 pM M. tuberculosis or
E. coli RecA in the presence of ATP regeneration system
at 37°C for 5min. In parallel, 83-bp (0.4 uM) duplex DNA
(**P-labeled ODNI11 annealed to ODN12) was incubated
with increasing concentrations (0.5—4 uM) of M. tubercu-
losis H-NS at 37°C for 20min. The strand transfer
reaction was initiated by mixing the contents of both the
reactions, followed by incubation at 37°C for 10min.
Reaction was stopped by the addition of 1.5ul of 1%
SDS, followed by 1 pl proteinase K (10 mg/ml). After incu-
bation at 37°C for 15min, 2 ul 10 x gel loading dye (50%
glycerol, 0.42% bromophenol blue, 0.42% xylene cyanol)
was added to each reaction. Samples were loaded onto
10% polyacrylamide gel and electrophoresed in 45 mM
Tris—borate buffer (pH 8.3), ImM EDTA at 120V for

10h. The **P-labeled DNA substrates and products were
visualized by phosphorimaging analysis of the dried gel.

Bioinformatics

In the published genome sequence of M. tuberculosis
strain H37Rv, Rv3852, which has been annotated as
hns, has been proposed to encode HU-histone protein
(48). The sequences of M. tuberculosis H-NS and E. coli
H-NS homologues were retrieved from the database
searches of microbial genome sequences from the TIGR
Comprehensive Microbial Resource (CMR) database
site (http://cmr.jevi.org/tigr-scripts/ CMR/CmrHomePage
.cgi). Sequence alignments were performed using
the ClustalW ver. 2 program (http://www.ebi.ac.uk/
Tools/clustalw2/index.html) and viewed using Jalview
2.4.0.b2.

RESULTS

Mycobacterium tuberculosis nucleoid
protein-encoding genes

To identify H-NS homologues, the sequence of the proto-
type E. coli H-NS was used in database searches. The
original sequence and annotation of M. tuberculosis
strain H37Rv identified Rv3852 as the /ins gene (www
.sanger.ac.uk/Projects/M _tuberculosis). Consequently,
the protein sequence of Rv3852 was used to search the
database for H-NS homologues in other mycobacterial
species. The searches in the TIGR CMR database
identified H-NS homologues from a diverse set of
prokaryotes including S. typhimurium, S. enterica, Vibrio
cholerae and Haemophilus influenzae. Direct inspection of
the complete sequence alignment revealed striking conser-
vation as well as some notable differences. A remarkable
conservation of sequence (95% identity) was found
between E. coli H-NS and its homologues in Salmonella
species (Figure 1A). When more distant species were
compared, the sequence divergence was clearly visible.
V. cholerae and H. influenzae share 54% and 47%
sequence identity with FE. coli H-NS, respectively.
Sequence identity decays further in the case of M. tuber-
culosis H-NS: it shares 6% sequence identity with its coun-
terpart in E. coli (Figure 1A). Pair-wise comparison
revealed that M. tuberculosis H-NS is devoid of amino
acid residues 84 and 106-107 compared to the E. coli
H-NS. Notably, M. tuberculosis H-NS is a conserved
protein (100%) across M. tuberculosis H37Ra, M. tuber-
culosis CDC1551, M. bovis and M. bovis BCG. However,
protein conservation and sequence length was less notice-
able between M. tuberculosis H-NS and its counterpart in
the other mycobacterial species such as Mycobacterium
marinum, Mycobacterium ulcerans and Mycobacterium
leprae. In contrast to E. coli, Salmonella, V. cholerae and
H. influenzae, the mycobacterial H-NS homologues
contain varying number of tetrapeptide repeats (PAKK,
KAAK), which are crucial for high affinity DNA-binding
activity of HI/HS5 histone family of proteins. Interestingly,
the numbers of PAKK repeats vary within mycobacterial
species: four each in M. tuberculosis and M. bovis, 6 in
M. marinum and M. ulcerans and 1 in M. lepare.



Nucleic Acids Research, 2010, Vol. 38, No. 11 3559

A
—
10 . 20 30 40 ‘ 50 60 70
STHns - - FNAKIIL NN TR L RAMAR E[% T NLEK LAV ERREZERY-YYNAISISE R Q\7R[EML 1 ALE
SEHns - - INEKILNIN I RYL RAWARE(S T ME ="S8EVAN[S I SE[SAAAINEVE(S TR Q /R[EML | A€
EcHns - - FNEKI L (NIN 1 RL RAWARE[% T ME="d8EV. A NS E[SAAALEVE([S TR Q./R[EML 1 A€
VcHns mv, Ry AN RELRAYARE[D Q ARDLAAT T QA KIZAEAEE I NARA[HQEA{NAA | AlHQ | AK[:[E
HiHns - -\UN[ELVRGHTNLHsHAAVEL QAENANEdNQTA | E[SKEANEAEL | KAET[HIKERMAKIK[ELMEKE[S
Mt Hns - -//PDPQDRPDSEPSDASTPPAKK[EPAKKAAKKAPARKTPAKKAPAKKTPAKGAKSAPPKPAEAPVSLQQR
—_— ] — > —
—y v
80 ‘ 90 ' 100 110 120 130
SN LN DPNE L BN AR - VKEIIKAKRAIRPAK YEAIDENGERIK TWT GQGR T PI:W | LKA QEeETIKE
AU | DPNE L LY AR YAKE K AKRAINRPAK YEIYV/DENGEIK TWTGQGR T PV | [{K AL QBE 4 |KE
I ZR: N | DPNE L LY NARY VUK IIKAKRAMRPAK YSYAIDENGEIIK TWTGQGR T PV | [{KA[I]») sip[lEd" KaQ
VcHns [1:]LEA[N I SALSGE TIATKA[IGLGEPIZNSTKN! 1 o TIHE Qi AgcleleiEds Mlal:l /AL D/= - [INS[HEE[HAL - -
HiHns [ITHEEMHE | FG- TKTVS | RIVGEPEIZVSIA F 1 =N qH G A el s8R PIIQNL NK - [EdsMsEIFEN - -
Mt Hns [leT[llcQlAAAll- -KDAAAQ/NISTVEG/INDALARN - -ASVPAPSHSPV[ZL IVAVTLSLLALL[81RQERRR
| , - —
B
10 ‘ 20 30 40 50 ‘ 60
VL Ly AMZDPQDRPDSEPEDYNSTHP AKK[HP A[{K AA K KNP AIKTPAKKA P AKKIP AK[cEMAKE A
TN Y AMEDPQDRPDSEPEYAS TP AKK[BP Al(K A A K MK/ \P ALK TPAKKA P AKKLIP AK[cEISAKEIA
(VLY AVEDPQDRPDSEPEDYASTHP AKK[MP AYKAA K SEMK/\P ALK TPAKKA P AKKiLIP AK[CEIMAKEIA
1RV D PQDRPD S EPEYAS T[dP AKK[HP ATNK A A K SIS KVAP ALK TPAK KA P AK KL P AK(cMAKEIA
V1L AMEDPQDRPDSEPEYNS THPAKK[HP ALK AA K ESEEK/\P AIK TPAKKA PAKKLIP AK A KEIA
[l Bk} M 2D PQDRPDSE P YAS TP AKK[HP AL{K AA K SK/\P A[{IK TPAKKA P AKKiIPAK[cIIMAKEIA
YP_001853662.11A[) {el:1:125IG[HID A T P GQ: AP [FAD[CVNAT P AK[ T2 AK G A INFAQIIA R (IK A P K
I EEY R AVID PQDR P DICE P[pY:N delelP AKK[ZP ALK A AKRE FY K IPANK T PAKKA P Al KEPAK Y JAKINA
NP_301175.1 T[AP AKK\YIP AJK A A K [ ININ4ALPISS - - PSFL

YP_002502806.1

70 80 100 110 120
Rv3852 - - - - = - - - c e e e e e - HJQQRIETNGQLAZNAAKDAAAQAKSTVEGAN/
MRA_3892 |/ i 9- - ------cmmmmmm e HQQR I ETNGQLANNAAKDAAAQAKSTVEGAN/}

YP_001853662.1/;A . (KAPATKPPAQSP
YP_908370.1 ZA KAPATKPPAQSPEPAE J:IPQ 7 TAISANV S(ele]

NP_301175.1

| SizQ
YP_002502806.1S|:Q

1
EAVS|E- - -
INEAZVS|E- - -
HNEAZVS|N- - -
EAVS|E- - -
SFNEAZVSIN - - -
HAEAIJVS|E - - -

ALINQSLG

BOQR I ETNGQLANAAKDAAAQAKSTVEGAN[]

BQQR I ETNGQLANAAKDAAAQAKSTVEGAN])

BQQR I ETNGQLANAAKDAAAQAKSTVEGAN)

BQQR I ETNGQLAINAAKDAAAQAKSTVEGAN[]

E--- PAPLQQNGQLAAAKDAAAQAKSTVAN
Q

ELINGQLAISAAKDAAAQAKST V[sIIANL

LEEEIQQRITETNGQLEAYAKDYAISQA[SEVV EGARLY

YP_00185§562.1 L I4RIADISIePSHSHYVPLWMVAINALSL LAJLL | RQLRRR
YP_908370.1 PEPSIVLADE - QzE1 S TVA ARV 1T A TE BNV B ERE S (e 8 2424
NP_301175.1 PVPNGLIEALEAEINE AVUAIRY | AL A | GISIEZN LB B H (@18 2423

YP_002502806.1

PVPNGLEALEAEINE ARV ILILA | GRS IS S RH[e 18

Figure 1. ClustalW alignment of H-NS homologues from various bacterial species. (A) Alignment of amino acid sequences of H-NS homologues
include the following: STHns, S. typhimurium LT2 SGSCI1412 Hns (STM1751), SEHns, S. enterica serovar Typhi Ty2 Hns (t1662), EcHns,

Escherichia coli Hns (bl
MtHns, Mycobacterium t
identical residues among
using the Jpred program

237), VcHns, V. cholerae EI Tor N16961 Hns (VC1130), HiHns, Haemophilus influenzae 86028NP (NTHI1464) and
uberculosis H37Rv Hns (Rv3852). Dark blue shading indicates identical amino acid residues; whereas, light blue indicates
the specified species. Secondary structure assignments for E. coli and M. tuberculosis H37Rv Hns proteins were carried out
(75) (http://www.compbio.dundee.ac.uk/~www-jpred/) and are displayed above and below the alignments, respectively.

The predicted secondary structures (cylinders represent alpha helices, arrows represent beta strands and lines represent loops, respectively) of E. coli
and M. tuberculosis H-NS are shown at the top and bottom of the plot, respectively. (B) Amino acid sequences of M. tuberculosis H37Rv Hns
(Rv3852), M. tuberculosis H37Ra Hns (MRA_3892), M. tuberculosis CDC1551 Hns (MT_3967), M. tuberculosis F11 Hns (TBFG_13888), M. bovis
subsp. bovis AF2122/97 Hns (Mb3882), M. bovis BCG str. Pasteur 1173P2 Hns (BCG_3915), M. marinum M Hns(YP_001853662.1), M. ulcerans
Agy99 Hns (YP_908370.1), M. leprae TN Hns (NP_301175.1) and M. leprae Br4923 Hns (YP_002502806.1) were aligned using ClustalW2 and the
resulting alignment was viewed using Jalview 2.4.0.b2 (76). Dark blue shading indicates identical amino acid residues in all the species; whereas, light
blue indicates identical residues among the specified species.
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Taken together, these results suggest that M. tuberculosis
protein is a non-canonical H-NS and is structurally
distinct from its counterpart in E. coli.

Purification of M. tuberculosis H-NS

Mycobacterium tuberculosis Rv3852 gene is predicted to
encode a small 134 amino acid protein with a predicted
molecular mass of 13.8kDa. Because so little is known
about the function of mycobacterial NAPs, and consider-
ing the sequence dissimilarities between E. coli and
M. tuberculosis H-NS, we wished to explore the biochem-
ical activities of M. tuberculosis H-NS. Escherichia coli
BL-21(DE3)pLysS, a lonA mutant, was used as host
strain for expression of the recombinant H-NS protein.
Both supernatant and pellet from cell-free lysates were
examined for the presence of recombinant H-NS protein.
The expressed recombinant H-NS was found to be in the
soluble fraction of the induced cell-free lysates.
Purification of the recombinant H-NS was performed as
described under Experimental procedures. H-NS was
purified to (>98%) homogeneity as estimated from
polyacrylamide gels stained with Coomassie brilliant
blue R-250. A representative SDS-PAGE pattern of the
sample at each purification step is shown in Figure 2A.
Side-by-side comparison of E. coli and M. tuberculosis
H-NS proteins, after separation by SDS-PAGE and
staining with Coomassie brilliant blue R-250, is shown
in Figure 2B.

The oligomerization of H-NS was investigated by
cross-linking with glutaraldehyde. Glutaraldehyde reacts
with the amino group of the Lys side chain and has been
extensively used to cross-link oligomeric proteins. H-NS
was incubated with increasing concentrations of
glutaraldehyde, and then the oligomeric state was
analyzed by SDS-PAGE. As shown in Figure 2C, we
observed a slower migrating band corresponding to a
dimer (lanes 3-6), whose intensity increased with
increasing concentrations of glutaraldehyde, suggesting
that M. tuberculosis H-NS exists in equilibrium between
monomeric and dimeric forms in solution.

Mycobacterium tuberculosis H-NS binds poorly to DNA
containing high GC base pairs

Much effort has been devoted in understanding the
DNA-binding specificity of E. coli H-NS. The sequences
to which it displays high-affinity are usually A + T-rich
and are often associated with regions of intrinsic curvature
in DNA (1-4). Analysis of the M. tuberculosis ggnome has
disclosed that it possess a high (65.5%) GC content across
its genome; however, a group of genes that belong to
the family of PE or PPE proteins contain a very high
GC (>80%) content (50). In addition, it has been
demonstrated that Salmonella H-NS selectively silences
genes that possess substantially lower GC content than
the overall genome (20). We have therefore investigated
the DNA-binding activities of purified M. tuberculosis
H-NS by electrophoretic mobility shift assay (EMSA)
using different DNA substrates. Reactions were per-
formed with a fixed amount of **P-labeled (83-mer)
single- or double-stranded DNA (83-bp) containing

either 40% GC (formed by annealing ODN 9 with 10,
Table 1) or 70% GC-base pairs (formed by annealing
ODN 7 with 8, Table 1) and increasing concentrations
of M. tuberculosis H-NS. The amounts of H-NS
required for complex formation showed a wide range of
concentrations. Like the E. coli homologue, M. tuberculo-
sis H-NS does not need magnesium or ATP under condi-
tions where the protein binds efficiently. As shown in
Figure 3A and B, M. tuberculosis H-NS formed a
distinct protein-DNA complex with ssDNA or dsDNA
containing 40% GC base pairs. On the other hand, with
DNA containing 70% GC base pair and at low concen-
trations of H-NS, a less well-defined protein-DNA
complex was formed as evidenced by the smeared distri-
bution of radioactivity between the retarded complex and
free DNA, indicating that the complex is unstable and
dissociates on electrophoresis (Figure 3C, lanes 5-8).
However, the much retarded protein-DNA complex pro-
gressively increased with increasing concentrations of
M. tuberculosis H-NS (Figure 3A-C, lanes 9-10).
Figure 3D shows quantification of DNA in the shifted
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Figure 2. (A) SDS-PAGE analysis showing induced expression of
M. tuberculosis H-NS and at various stages during its purification.
Ten micrograms of proteins from the indicated sample was resolved
on SDS-PAGE and visualized by staining with Coomassie blue.
Lanes: 1, SDS-PAGE standards molecular mass markers; 2, uninduced
cell-free lysate; 3, induced cell-free lysate; 4, (NHy4),SO,4 precipitate; 5,
chromatography on dsDNA cellulose; 6, chromatopraphy on Superdex
S-75. (B) Side-by-side comparison of M. tuberculosis and E. coli H-NS
proteins by SDS-PAGE. Lanes: 1, SDS-PAGE standards molecular
mass markers; 2, E. coli H-NS (1 ng); 3, M. tuberculosis H-NS (1 pg).
(C) Glutaraldehyde crosslinking of M. tuberculosis H-NS. The reactions
were performed as described under ‘Experimental Procedures’ section.
Lane 1, molecular weight standards; 2, H-NS incubated in the absence
of glutaraldehyde; 3-6, H-NS incubated with concentrations of
glutaraldehyde as indicated at the top of the gel image.
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Figure 3. Mycobaterium tuberculosis H-NS binds poorly to double-stranded DNA containing high GC base pairs. Reactions were performed with
5nM of the indicated **P-labeled DNA substrate in the absence (lanel) or presence of 10, 25, 50,100, 150, 200, 250, 300 or 500 nM H-NS (lanes 2-0),
respectively. A single or two parallel lines on the top of each panel of the Figure denote single- or double-stranded DNA, respectively. The open
triangle on the top of the gel image denotes increasing concentrations of H-NS. Reaction products were separated as described under ‘Experimental
Procedures’ section. (A) ssDNA; (B) dsDNA (40% GC); (C) dsDNA (70% GC). The positions of free DNA and protein-DNA complexes are shown
in the left-hand side of each panel. (D) Graphical representation of binding of H-NS to different DNA substrates. The extent of formation of H-NS—
DNA complexes in (A-C) is plotted versus varying concentrations of H-NS. Error bars indicate SEM.

complex, relative to free DNA, with various DNA
substrates as a percentage of total amount of DNA
bound over a range of protein concentrations. Notably,
the concentration of H-NS required for 50% binding for
duplex DNA containing 70% GC base pairs is ~3-fold
higher, compared to a similar substrate containing 40%
GC base pairs. These results are consistent with robust
binding of M. tuberculosis H-NS to ssDNA or dsDNA
containing 40% GC base pairs, but substantially
reduced binding to dsDNA containing 70% GC base
pairs (Figure 3D and see below).

Mpycobacterium tuberculosis H-NS binds to the HJ with
high affinity

We next examined the ability of M. tuberculosis H-NS to
bind DNA replication and recombination intermediates.
For these assays, we assembled a HJ containing four
20-bp arms, DNA replication fork with three 20-bp
arms and Y-shaped junction containing a 20-bp duplex
region with two 20-nt heterologous single strands and
characterized them as described (47). Gel mobility shift
assays were performed to separate the protein—-DNA
complex from free DNA. Significantly, M. tuberculosis
H-NS displayed robust binding to the HJ relative to the
DNA replication intermediates (compare Figure 4A with
B and C). At low concentrations, binding of H-NS to the
HJ led to the formation of two protein—-DNA complexes,
complex I and IT (Figure 4A, lanes 2—4). As the amount of
H-NS was increased, these complexes were replaced by a

progressively slower-migrating species, complexes III,
resulting in a single well-defined complex. The
stoichiometric ratio of H-NS/HJ complexes is currently
under investigation.

Mobility shift assays were also performed to determine
the relative affinity of H-NS to two different DNA repli-
cation intermediates: replication fork and Y-shaped junc-
tions. Although H-NS showed efficient binding to both the
replication intermediates, we found striking differences
(compare Figure 4B with C). At lower concentrations of
H-NS with the DNA replication fork, we observed
smeared distribution of radioactivity between the
retarded nucleoprotein complex and free DNA, suggesting
the formation of weak protein—-DNA complexes which
may have dissociated in the gel. However, the much
slower migrating band was greatly retarded with
increasing concentration of H-NS (Figure 4B, lanes
8—-10). On the other hand, at low concentrations, H-NS
formed a distinct complex with the radiolabeled
Y-shaped junction. Increasing amounts of H-NS led to
an increase in the formation of a large macromolecular
complex that positioned near the well of the gel
(Figure 4C, lane 10). These results suggest the occurrence
of complexes containing different amounts of H-NS
bound to the DNA. Figure 4D shows quantification of
DNA in the shifted complexes with various DNA
substrates as a percentage of total amounts of DNA
bound over a range of protein concentration. The
binding isotherm for DNA replication fork and
Y-shaped junction are almost superimposable with
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Figure 4. Mycobacterium tuberculosis H-NS binds to the Holliday junction with high affinity. Reaction mixtures contained 5nM of **P-labeled HJ
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varying concentrations of H-NS.

each other. Notably, the concentration of H-NS required
for 50% binding for Holliday junction is ~6-fold lower,
compared to the DNA replication fork or Y-shaped
structure.

The equilibrium dissociation constant (Ky) for binding
of H-NS to various DNA substrates was determined by
EMSA. The reaction mixtures contained fixed amounts of
the indicated DNA substrate and varying concentrations
of H-NS. The concentration of DNA was much lower
than required for half-maximal binding, so that the
protein concentration at half-maximal binding was very
close to K4. We note that H-NS exhibited a higher
apparent binding constant for the Holliday junction
(K4~ 32nM) (Table 2). The K4 value for H-NS binding
to the Holliday junction is comparable to those of the
high-affinity (proU) sites with E. coli H-NS (28).
Furthermore, the apparent K4 values for H-NS binding
varies with the nature of the substrate: it is 6- and 7-fold
higher for the DNA replication fork and Y-shaped
junction, respectively, compared with the HIJ.
Noteworthy, these results suggest that H-NS binding to
the HJ is cooperative, whereas H-NS- binding to dsDNA,
DNA replication fork and Y-shaped structure is not.

A number of studies have shown that the sensitivity of
protein—-DNA complex to salt is a relative measure of the
affinity of the protein to DNA. The effect of salt on H-NS
binding to various DNA substrates was measured by
varying the concentration of NaCl in the incubation
buffer from 0 to 1.5M (Figure SA—E). Intriguingly, quan-
tification of protein—-DNA complexes disclosed that the
binding of M. tuberculosis H-NS to the HJ, replication

Table 2. Equilibrium association constants of H-NS DNA complexes

DNA structures Ky (nM)
M. tuberculosis E. coli
:ll[E Holliday junction 31.86 1200
< Replication fork 185.3 1188
Y Y-shaped 234.2 N.D.
Duplex (40% GC) 60.88 1312
——— Duplex (70% GC) 190.4 N.D.
ssDNA 66.19 N.D.

N.D. = Not determined.

fork or double-stranded DNA, as construed from the
salt stability curves, were superimposable with each
other, whereas the stability curve for H-NS-Y shaped
DNA complex diverged at 0.75M NaCl (Figure 5F). In
contrast, we note that H-NS-ssDNA complexes were
unstable and the salt titration mid-point was 0.75M,
indicating the binding affinity of H-NS for ssDNA is
weak (Figure 5F).

Comparison with E. coli H-NS protein

In light of significant differences between the M. tubercu-
losis and E. coli H-NS proteins in their primary sequence,
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we asked whether E. coli H-NS can bind structures similar
to those bound by its M. tuberculosis counterpart. Using
the experimental conditions described for the M. tubercu-
losis H-NS protein, the DNA-binding activity of E. coli
H-NS was first measured with linear duplex DNA con-
taining 40% GC content. A distinct protein-DNA
complex was seen with linear duplex DNA (Figure 6A,
lanes 9-11), although with apparently lower affinity than
M. tuberculosis H-NS (Table 2). On the other hand, E. coli
H-NS was able to bind the HJ in a stepwise manner
resulting in the formation of two distinct protein-DNA
complexes (Figure 6B, lanes 6-12), indicating that E. coli
H-NS may bind as a dimer or higher multimer, and that
the substrate provides more than one binding site. These
results are consistent with a mechanism in which H-NS
interaction with DNA results in the formation of DNA—
H-NS-DNA bridges that are implicated in the regulation
transcription initiation and organization of bacterial

chromatin (4-6). A similar result was also seen with the
three-way junction (Figure 6C, lanes 7-11). All the DNA
substrates were shifted completely by E. coli H-NS at the
concentrations shown; however, it displayed somewhat
higher affinity for the four-way junction (Figure 6D,
Table 2). These experiments were performed several
times with the same substrates with similar results. We
note that, in contrast to M. tuberculosis H-NS, the
complexes formed by E. coli H-NS were relatively
unstable during the extended periods of electrophoresis,
and under these conditions the complexes were less well
defined (data not shown).

M. tuberculosis H-NS constrains negative supercoiling
in DNA

To investigate the type of structure formed by M. tuber-
culosis H-NS, we examined whether this protein modifies
the topological state of the DNA substrate. This assay
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which was carried out in the presence of eukaryotic
topoisomerase 1 traps DNA supercoils by protein
binding (51,52). The relaxation of form I DNA was
assessed using wheat germ topoisomerase [ (Figure 7,
lane 2). Incubation of form I DNA with increasing con-
centrations of H-NS, and then with topoisomerase I,
produced a species of DNA which migrated to the same
position as the initial form I DNA (Figure 7, lanes 5-8).
Interestingly, at the low concentrations employed,
M. tuberculosis H-NS by itself was unable to constrain
the negative supercoils in DNA (Figure 7, lanes 3—4). As
the concentration increased, H-NS could constrain
negative supercoils in >70% of form I DNA (Figure 7,
lanes 5-8). However, H-NS failed to convert all the DNA
into form I DNA. We therefore considered the possibility
that high concentrations of H-NS may have converted
form I DNA into positively supercoiled DNA, which
migrates at the same position as form IV DNA on one-
dimensional agarose gels. To test the above possibility, we
performed two-dimensional agarose gel electrophoresis in
the presence of chloroquine. We observed that there were
no bands corresponding to positively supercoiled
topoisomers at the indicated concentrations of H-NS
protein (data not shown). We conclude from these
results that inside the H-NS-DNA complex the DNA is
negatively supercoiled and protected from relaxation
by topoisomerase 1.

H-NS proteins act as barriers in RecA protein-promoted
DNA strand exchange

To gain insights into homologous recombination in the
context of bacterial nucleoid, we focused on the ability

Topo | -+ + + + + + 0+
H-NS (ug) - -0304051 15 2
Form IV DNA / ".Ogﬂt
(+)scDNA :
Form | DNA - . aa

1 23 45 6 7 8
Figure 7. H-NS constrains DNA supercoils in vitro. Form-I DNA
(1pg) was incubated with the indicated amounts of purified H-NS
protein and then treated with topoisomerase I. After deproteinization,
DNA samples were electrophoresed on 0.8% agarose gel to resolve the
topoisomers. Lane 1, the positions of form I and form IV (relaxed)
DNA and positively supercoiled [(+) SC DNA] are shown in the
left-hand side. Lane: 2, DNA incubated with topoisomerase I in the
absence of H-NS; 3-8, contained topoisomerase I and indicated
amounts of H-NS.
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‘Experimental Procedures’ section. (A) Schematic depicting the experimental design. (B) Effect of M. tuberculosis H-NS on strand exchange by its
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respectively. An asterisk represents the labeled phosphate at the 5 end.

of M. tuberculosis RecA to catalyze three-strand exchange
with linear duplex DNA bound by increasing amounts of
H-NS. The function of H-NS is of particular interest
because: (i) E. coli hns mutations display pleiotropic
effects, including increase in the frequency of illegitimate
recombination and reduced intra-chromosomal recombi-
nation, and (ii) its role in Xxenogeneic silencing, where it
represses the transcription/integration of foreign genes
acquired by horizontal transfer. In this assay, **P-labeled
83-bp linear duplex DNA and its complementary 83-mer
ssDNA were used as DNA substrates. In this combination
of DNA substrates, complete strand exchange will culmi-
nate in the displacement of a faster migrating 83-mer
p_labeled ssDNA. Active nucleoprotein filaments of
E. coli or M. tuberculosis RecA-ssDNA were prepared in
the presence of dATP as described previously (46).
In parallel, 83-bp linear duplex DNA was incubated
with increasing concentrations of H-NS protein. As a
control, H-NS was omitted from the reaction (Figure 8,
lane 2). The contents of the two reaction mixtures were
directly combined and the strand-exchange reaction was
performed as described wunder the ‘Experimental
Procedures’ section. After halting the reaction by depro-
teinization, the samples were resolved by PAGE and
analyzed by autoradiography. In the absence of H-NS,
E. coli or M. tuberculosis RecA proteins were able to

execute significant levels of strand transfer. In contrast,
under similar conditions, M. tuberculosis H-NS, in a
concentration-dependent manner, dramatically reduced
the amount of displaced ssDNA with concomitant
increase in the DNA corresponding to the *?P-labeled
duplex DNA. On the other hand, E. coli H-NS also was
able to suppress DNA strand exchange promoted by its
cognate RecA, but at relatively high concentrations.
Nonetheless, these results suggest that H-NS proteins act
as ‘roadblocks’ to strand exchange promoted by their
respective RecA proteins.

DISCUSSION

Analysis of the biochemical activities of M. tuberculosis
H-NS protein leads to two main conclusions.
First, H-NS possess high-affinity HJ-binding activity,
compared to DNA replication intermediates and
GC-rich double-stranded DNA; and second, the H-NS
binding to duplex DNA impedes the three-strand
exchange promoted by the cognate RecA. When viewed
in the context of the role(s) of E. coli hns in homologous
recombination and repression of the integration of the
horizontally transferred genes into the genome, these
observations are indeed striking. While this manuscript
was in preparation, Werlang and colleagues (53)
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reported the purification of M. tuberculosis H-NS and its
ability to bind DNA derived from its proU promoter
region. Taken together, these studies suggest that the
product of the Rv3852 gene in M. tuberculosis as being
the H-NS protein.

In an effort to relate the sequence of H-NS proteins to
their function, we have performed sequence alignment of
H-NS proteins in a range of eubacterial species, including
various species of mycobacteria. From the results of
sequence analyses perhaps the most intriguing aspect
that emerges is the lack of homology among E. coli/
Salmonella H-NS and mycobacterial H-NS proteins.
Mycobacterium tuberculosis H-NS showed a very low
sequence identity (<10% with E. coli/Salmonella HN-S)
with H-NS proteins from several other eubacterial species
(Figure 1A). On the other hand, the size and sequence of
H-NS is strongly conserved among several mycobacterial
genomes sequenced so far, with 100% identity between the
M. bovis, M. bovis BCG and M. tuberculosis H37Rv and
H37Ra (Figure 1B). It is noteworthy that the M. tubercu-
losis H-NS sequence is more divergent compared to the
M. marinum, M. ulcerns and M. leprae H-NS proteins.
However, all mycobacterial H-NS proteins possess
varying numbers of PAKK and KAKK tetrapeptide
motifs. The low percentage of sequence identity between
M. tuberculosis and E. coli/Salmonella proteins is not
unprecedented. For example, M. tuberculosis chorismate
mutase shares ~20% amino acid sequence identity with
the E. coli enzyme, while the level of identity with yeast
enzyme is ~10% (54,55). Despite such a low degree of
sequence identity, these proteins possess the catalytic
activity and also display significant similarities in their
tertiary structures (56).Other examples include, CeoB/
TrkA (Rv2691) shares 21% sequence identity with the
Escherichia coli TrkA protein, which codes for the
NAD "-binding subunit of the potassium transport
system (57). Taken collectively, these results suggest that
primary sequence alone is a poor discriminator of the bio-
logical function of proteins, and the three-dimensional
structure might provide a more reliable guide.

Following the isolation and characterization of the pro-
totype H-NS from E. coli, similar proteins have been
identified in other enteric or related bacteria through puri-
fication and DNA binding assays or in silico analysis of
bacterial genomes. All these proteins possess amino acid
sequence identity in the range of 40-70% with the E. coli
H-NS (58). In Pseudomonas strains, the hns gene product
lacks the conserved consensus motif, in particular the
conserved amino acid residues in the C-terminal domain
of H-NS-like proteins (58). Interestingly, MvaT protein of
Pseudomonas sp strain Y1000, which contains 18% amino
acid identity with the E. coli H-NS protein and shows no
significant homology with any known H-NS-related
proteins (58,59), fully reversed the various phenotypes of
E. coli related to hns mutations (59). These observations
suggest that, despite low amino acid conservation,
proteins functionally related to E. coli H-NS are likely
to be widespread than thought previously.

The M. tuberculosis NAPs, Lsr2 and H-NS, encoded by
Rv3597 and Rv3852 genes, respectively, have been
overexpressed and purified from E. coli. Biochemical

studies have shown that Lsr2 is a DNA binding protein
(60), a function also shared by H-NS protein (53).
Mycobacterium tuberculosis Lsr2 protein shares 4%
amino acid identity with E. coli H-NS. Intriguingly,
genetic studies have revealed that M. tuberculosis Isr2
was able to complement the phenotypes related to hns
mutations in E. coli (60). Consequently, the authors
have stated ‘unequivocally that Lsr2 is an H-NS-like
protein’. Although M. tuberculosis Rv3852 encodes a
strongly divergent H-NS compared to E. coli/Salmonella
H-NS, it contains the KAAK and PAKK motifs found
in the vertebrate histone HI1/HS5 family of proteins
(61-63), thereby suggesting that M. tuberculosis H-NS
may be positioned between the E. coli H-NS and histone
H1 family of proteins. Likewise, M. tuberculosis 32 kDa
HupB protein, a close homologue to bacterial HU-type
DNA-binding protein, is similar in primary amino acid
sequence to the human HI/HS histones (64).
Mycobacterium tuberculosis is a human pathogen and
cannot survive outside eukaryotic cells. In the course of
evolution and adaptation to the host environment, it is
possible that gene duplication might have led to the for-
mation of an /ns gene with a sequence that is analogous
similarity to the vertebrate histone HI/HS5 family of
proteins. Nonetheless, our results suggest that the
Rv3852 gene product shares the same functional
properties as members of H-NS family of proteins
despite the unusually low amino acid conservation.

In Gram-negative bacteria, H-NS functions as a
transcriptional repressor for a large number of genes,
many of which encode proteins involved in stress
response and virulence pathways (15,42). Although
several lines of evidence suggest that H-NS binds DNA
in a sequence-independent manner, the binding region
coincides with the A/T-rich tracts (6,8-10). However,
medium- and low-affinity binding sites have been
mapped in the vicinity of the curved DNA (negative reg-
ulatory element of proU promoter) (28,65,66). Binding of
H-NS to DNA traps RNA polymerase at the initiation
stage of transcription; therefore, is conceivable that it
can repress transcription through its DNA-binding and
bridging activities (8-10,35). Characterization of the
binding sites has revealed an unusual property. The
binding sites could still be recognized by H-NS outside
of their natural context. The insertion of the 10-bp site
into a (G+ C)-rich fragment led to base opening and the
affinity of H-NS for this fragment increased, and the
in vivo binding of H-NS was essentially restricted to
(A +T)-rich DNA (20). These results are consistent with
our findings that H-NS binds robustly to double-stranded
DNA containing low percentage of GC base pairs (40%),
but poorly to duplex DNA containing high GC content
(70%). Mycobacterium tuberculosis H-NS, like E. coli
H-NS (67), constrains negative superhelicity, suggesting
a role for H-NS in DNA organization in the bacterial
nucleoid and maintenance of genomic integrity in vivo.

The ability of E. coli and M. tuberculosis H-NS proteins
to bind such a diverse array of DNA structures is rather
unusual. Escherichia coli HU binds to a variety of DNA
substrates much more avidly under stringent conditions
(68). Specifically, binding of HU protein to the HJ has



been shown to be 1000-fold stronger than linear DNA
(68). However, there is limited knowledge about the struc-
tural and kinetic aspects of H-NS DNA interactions. To
identify the precise structures recognized by M. tuberculo-
sis and E. coli H-NS proteins, we used a series of DNA
substrates likely to be present within the nucleoid struc-
ture. Notably, M. tuberculosis H-NS displayed higher
affinity for the HJ. Similar experiments showed relatively
weak binding to the DNA replication intermediates. It is
indeed striking that H-NS displays high-affinity for the
HJ, which points to its role in the repair of some specific
DNA lesions during DNA replication and recombination.
Interaction with ssDNA was much weaker, and the stabil-
ity of ssDNA—-H-NS complexes was significantly reduced
in low salt, which can be attributed to the electrostatic
screening of protein—protein and/or protein—-DNA inter-
actions. Nevertheless, the capacity to bind ssDNA can
also be necessary for the function of H-NS in DNA rep-
lication and recombination mechanisms.

For our perspective, the mobility shift assay was espe-
cially useful for measuring protein—-DNA complexes
formed by E. coli and M. tuberculosis H-NS proteins in
terms of discerning differences in the nature of the
protein—-DNA complexes. The specificity of E. coli H-NS
for the DNA structures contrasts with M. tuberculosis
H-NS under similar conditions. Some aspects of the
complexes formed by both E. coli and M. tuberculosis
H-NS with the HJ are especially intriguing. The formation
of stepwise protein—DNA complexes suggests the recogni-
tion of a common binding motif between these two
proteins. It is conceivable that in the stepwise manner of
binding of H-NS to the HJ, the first complex may repre-
sent the binding of a dimer to two arms of the junction. If
this proposal is correct, the second complex may result in
binding of two dimers each to a pair of arms of the
junction.

The horizontal transfer of DNA sequences provides
bacteria with the opportunity for diversification and evo-
lution leading to the development of new traits (69,70). To
this end, bacteria must select the desired genes among the
acquired DNA sequences for integration into the host
genome. It has been estimated that a new sequence is
acquired and stably maintained by enteric bacteria on an
average of only once every several hundred thousand
years (70), suggesting that only rarely is a new sequence
favorably selected, and thus the integration of newly
transferred genes has to be regulated. Our results
directly address the question of how H-NS may contribute
to the regulation underlying the integration of horizon-
tally transferred genes into the host genome. Notably,
our results show that H-NS may negatively regulate at
two stages in the pathway of homologous recombination:
(1) impede strand exchange promoted by RecA, and (ii)
inhibit branch migration and/or compete for binding with
the components of the HJ migration and/or resolution. A
role for E. coli HU in homologous recombination has
been demonstrated: the binding of HU to linear duplex
DNA resulted in the inhibition of homologous paring
promoted by its cognate RecA (71). Likewise, Hcl
nucleoid condensation protein from  Chlamydia
trachomatis selectively inhibited some of the RecA

Nucleic Acids Research, 2010, Vol. 38, No. 11 3567

functions (72). However, we note that the ability of
H-NS to act as a modulator of HR, by inhibiting strand
exchange promoted by its cognate RecA, is different from
its effect on site-specific recombination. Interestingly,
H-NS stimulates Tnl0 transposition in vitro by acting
at the transition point between transposon excision and
integration (73). H-NS also functions in four other trans-
position systems including 1S903, Tn552, IS1 and
bacteriophage Mu (74). Escherichia coli H-NS promotes
transposition of IS903 and Tn552; whereas, it is inhibitory
in the Mu system (74). These results suggest that H-NS
acts on a number of transposition systems in different
ways because of its ability to interact with other proteins
and/or via its DNA structure-specific binding activity.

In summary, our findings have broad implications for
the mechanism of H-NS action. In particular, the dual
mode of action, that is, high-affinity binding to the HJ
and suppression of strand exchange promoted by RecA
can play a crucial role in the control or accuracy of DNA
replication and recombination mechanisms. The ability of
H-NS to inhibit strand exchange, together with specific
binding to the HJ, may have synergistic effects in the
overall pathway of homologous recombination.
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