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The histone-like nucleoid structuring protein, H-NS, is a prominent
global regulator of gene expression. Many Gram-negative bacteria
contain multiple members of the H-NS family of proteins. Thus, a
key question is whether H-NS family members have overlapping or
distinct functions. To address this question we performed genome-
wide location analyses with MvaT and MvaU, the two H-NS family
members present in Pseudomonas aeruginosa. We show that MvaT
and MvaU bind the same chromosomal regions, coregulating the
expression of ~350 target genes. We show further that like H-NS
in enteric bacteria, which functions as a transcriptional silencer of
foreign DNA by binding to AT-rich elements, MvaT and MvaU bind
preferentially to AT-rich regions of the chromosome. Our findings
establish that H-NS paralogs can function coordinately to regulate
expression of the same set of target genes, and suggest that MvaT
and MvaU are involved in silencing foreign DNA elements in P.
aeruginosa.
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he histone-like nucleoid structuring protein H-NS is a prom-

inent global regulator of gene expression found in a number
of different Gram-negative bacteria. Although H-NS silences the
expression of hundreds of genes, it also plays a role in DNA
compaction (1). Furthermore, several genome-wide association
studies in enteric bacteria have revealed that H-NS displays a
marked preference for binding AT-rich regions of DNA (2-5).
In so doing H-NS provides a mechanism for selectively silencing
so called xenogeneic DNA (DNA acquired from a foreign
source), such as that acquired through horizontal transfer, and
whose AT-content is typically higher than that of the cognate
genome (3, 5-7). Although traditionally thought of as a nonse-
quence-specific DNA-binding protein, recent evidence suggests
that H-NS binds specific sites on the DNA with high affinity (8).
Once bound to these sites, which are themselves AT-rich, H-NS
is thought to oligomerize across adjacent AT-rich regions of
DNA, forming an extensive nucleoprotein complex that facili-
tates gene silencing (8).

Many bacteria contain more than one H-NS family member
(9). Of the two in Escherichia coli K-12 (H-NS and its paralog
StpA), only H-NS appears to play a significant role in controlling
gene expression. StpA is less abundant than H-NS, and although
it can associate with H-NS, and can functionally substitute
for H-NS, it is not thought to influence the expression of any
H-NS-regulated gene (1). However, in uropathogenic E. coli,
H-NS and StpA are thought to have both overlapping and
distinct functions, with one regulon controlled exclusively by
H-NS, and a second smaller regulon under the control of both
H-NS and StpA (10). Nevertheless, in most bacteria it is not
known whether H-NS family members have overlapping or
distinct functions.

The Gram-negative bacterium Pseudomonas aeruginosa is an
opportunistic pathogen that is best known through being the
principal cause of morbidity and mortality in cystic fibrosis (CF)
patients (11). The organism uses an impressive battery of
virulence factors to intoxicate the human host, and persists in the
chronically infected CF lung as a biofilm (a community of cells
encased in a polymeric matrix), a lifestyle that engenders in-
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creased resistance to antibiotics, and exacerbates the problem of
eradicating the organism from the lung. Foremost among the
regulators of virulence gene expression and biofilm formation in
P. aeruginosa is MvaT, one of the two H-NS family members
present in this organism (12-14). That MvaT belongs to the
H-NS family, despite sharing limited sequence similarity with
H-NS, is suggested by multiple functional similarities and several
structural predictions (15-19).

MvaT was initially identified in P. aeruginosa as a global
regulator of virulence gene expression (12). Subsequent mi-
croarray analyses revealed that MvaT controls the expression of
at least 150 genes in P. aeruginosa (13, 14), including genes
encoding virulence factors, house-keeping genes, and a prepon-
derance of genes encoding proteins associated with the cell
surface, some of which play important roles in biofilm formation
(13, 14). However, it is not known which of these genes are
regulated directly by MvaT. In addition, very little is known
about which genes are regulated by the MvaT paralog MvaU.
Although MvaU can interact with MvaT (18), and plays a role
in regulating the expression of at least one MvaT-regulated gene,
deletion of mvaU had no effect on the expression of several
others (13, 18). Thus, the extent to which the MvaT and MvaU
regulons overlap was unknown.

Here we present evidence that the H-NS family members
MvaT and MvaU regulate expression of the same set of target
genes in P. aeruginosa. In particular, using chromatin immuno-
precipitation (ChIP) coupled with fully tiled high density DNA
microarrays (ChIP-on-chip) we show that MvaT and MvaU
occupy the same regions of the chromosome, suggesting that
MvaT and MvaU function coordinately. In addition to identi-
fying those genes that are regulated directly by MvaT and MvaU,
and extending the MvaT (/MvaU) regulon, these analyses reveal
that, like H-NS from enteric bacteria, MvaT and MvaU bind
preferentially to AT-rich regions of the DNA. Furthermore,
using a ClpXP protease-based protein degradation system we
show that the loss of both MvaT and MvaU from the cell cannot
be tolerated. Depletion of MvaT in cells of an mvaU mutant
strain results in overexpression of target genes, suggesting that
the synthetic lethality that ensues is due to misregulated expres-
sion of certain target genes. These findings have implications for
xenogeneic silencing in P. aeruginosa, and the function of H-NS
and its paralogs in other bacteria.
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Fig.1. MvaT and MvaU occupy the same AT-rich regions of the chromosome.
(A) The percent GC content for 1 Mb of the PAO1 chromosome (in windows of
1000 bp across the genome with a window step size of 500 bp) is plotted (in
red) against the locations of MvaT-V (plotted as log2 ratios in blue) and
MvaU-V (plotted as log2 ratios in green) as determined by ChlIP-on-chip.
Association of MvaT-V and MvaU-V with the cgrA-cupAT intergenicregion (B),
and with the /ecA promoter and coding region (C). Log2 ratio values were
normalized and averaged across three replicate arrays.

Results

ChIP-on-Chip Reveals Extensive Overlap Between the MvaT and MvaU
Regulons. To identify those genes that are controlled directly by
MvaT and MvaU, and determine the extent of the overlap
between the MvaT and MvaU regulons we used ChIP-on-chip.
To facilitate the immunoprecipitation of MvaT and MvaU we
constructed two strains of P. aeruginosa PAO1 that synthesized
epitope-tagged forms of MvaT and MvaU at native levels. In one
of these strains (PAO1 MvaT-V) the native copy of the mvaT
gene specified MvaT with a vesicular stomatitis virus glycopro-
tein (VSV-G) epitope tag fused to its C terminus (MvaT-V). The
function of MvaT was not impaired by the presence of the
VSV-G tag as MvaT-V fully repressed expression of the MvaT-
regulated cupA gene (data not shown). In the other strain (PAO1
MvaU-V) the native copy of the mvaU gene specified MvaU with
a VSV-G epitope tag fused to its C terminus (MvaU-V).
ChIP-on-chip with cells of the PAO1 MvaT-V strain revealed
a total of 111 distinct genomic regions that were significantly
enriched for MvaT (Fig. 1, see supporting information (SI) Fig.
S1 and Table S1). Peaks corresponding to genomic regions
associated with MvaT were located throughout the chromosome
and encompassed both intergenic and coding regions (Fig. 1).
Peaks ranged in size from ~0.2 to 22 kilobases, with an average
width of ~2.5 kb (Table S1), consistent with the idea that MvaT
is a member of the H-NS family of proteins that typically
oligomerize across long stretches of target DNA (1, 6). To
validate the MvaT ChIP-on-chip results, independent ChIP
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experiments were conducted and analyzed by using quantitative
real-time PCR (qPCR). Of the 21 MvaT peaks tested, no false
positives were detected and none of the 9 negative control
regions showed significant enrichment (Fig. S24 and data not
shown). Furthermore, trends in the magnitude of fold-
enrichment of a specific target region were similar between
ChIP-on-chip and ChIP datasets (Fig. S2A4). ChIP-on-chip and
ChIP control experiments conducted using a strain that synthe-
sized MvaT with a C-terminal tandem affinity purification
(TAP) tag (PAO1 MvaT-TAP) (18), yielded results similar to
those obtained with the PAO1 MvaT-V strain (Fig. S2B and data
not shown), illustrating the robust nature of these results. An
additional control performed with a strain synthesizing a TAP-
tagged form of the putative o factor PA2896 confirmed the
specificity of the association of MvaT with target regions (Fig.
S2B). Finally, qPCR analyses of mock ChIP samples revealed no
appreciable enrichment of any of the DNA regions that were
tested (Fig. S2B and data not shown).

ChIP-on-chip analyses of MvaU-V revealed a total of 102
distinct genomic regions that were significantly enriched for
MvaU binding (Fig. 1, Fig. S1, and Table S2). Similar to our
findings with MvaT, peaks corresponding to those regions of the
chromosome associated with MvaU were found throughout the
genome with each region spanning anywhere from approxi-
mately 0.1 to 21 kb, with an average width of approximately 2 kb.
Independent ChIP experiments followed by qPCR were con-
ducted to validate the MvaU-V results, with no false positives
evident among the 14 peaks tested, and no appreciable enrich-
ment of MvaU-V at any of the 5 negative control regions that
were analyzed (Fig. S3).

Comparison of the MvaT and MvaU-associated regions re-
vealed a striking correspondence between the two (Fig. 1 and
Fig. S1). In particular, 99 of the 102 regions associated with
MvaU were also associated with MvaT. Furthermore, minimally
relaxing the stringency of the criteria we used to identify peaks
resulted in MvaU being enriched in all 111 of the regions
associated with MvaT (data not shown). The extent of the
overlap in the genomic regions associated with MvaT and MvaU
strongly suggests that these two proteins control the expression
of essentially the same set of genes.

MvaT and MvaU Preferentially Associate with AT-Rich Regions of the
Chromosome. In Salmonella enterica and E. coli (2-5), H-NS has
been shown to preferentially associate with AT-rich regions of
the genome. To determine whether MvaT and MvaU show a
similar binding preference, the percentage GC content within
1,000 bp windows across the PAO1 genome was calculated and
compared with the average fold enrichment of MvaT-V and
MvaU-V (expressed as a log2 ratio) within each window. A
strong correlation between MvaT or MvaU enrichment and
genomic AT content was found (Fig. 1, Fig. S1, and Fig. S4),
suggesting that like H-NS, MvaT and MvaU display a distinct
preference for binding AT-rich regions of the DNA and may be
involved in xenogeneic silencing in P. aeruginosa. Consistent with
this idea we found that MvaT and MvaU were associated with
approximately two thirds of the so-called regions of genomic
plasticity (PGRs) in P. aeruginosa PAOI] that represent strain-
specific segments of DNA that may contribute to the ability of
P. aeruginosa to adapt to particular environments (20). Many
PGRs are thought to have been acquired by horizontal gene
transfer and contain regions where the AT content is higher than
that of the rest of the genome.

Direct Targets of MvaT and MvaU. Our ChIP-on-chip analyses
revealed a total of 394 and 311 genes associated directly with
MvaT-V and MvaU-V peaks, respectively. Although these num-
bers are in good agreement with one another, we suggest that the
difference between them likely reflects differences in the thresh-
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old values used to define peaks. Note that these tallies likely
underestimate the total number of genes regulated directly by
MvaT and MvaU as they do not take into account genes that are
not bound directly by MvaT/MvaU but lie within operons whose
regulatory regions are.

To determine whether our results are in accordance with
known regulatory roles of MvaT, we compared genes associated
with MvaT-bound regions with known MvaT-regulated genes.
Of the 104 genes whose expression was shown to be repressed by
MvaT (13), 84 (81%) were found to have peaks associated with
them or with their corresponding regulatory regions. Conversely,
only 7 (14%) of the 49 genes whose expression was activated by
MvaT were located in the vicinity of MvaT-associated regions,
and 6 of these genes were in the same operon. Taken together,
these findings suggest that MvaT functions directly as a repres-
sor, and likely mediates many of its positive effects on gene
expression indirectly.

Extension of the MvaT Regulon. Our analyses identified an addi-
tional 311 MvaT target genes that were not known to belong to
the MvaT regulon (Table S1) (13, 14). Among these are several
of the phz genes that are required for synthesis of the toxic
secondary metabolite pyocyanin (21), and genes encoding crit-
ical regulators of quorum sensing and virulence such as mvfR,
lasR, rsaL, lasl, pprB, rpoS, and rsmZ (22). These findings likely
explain several of the phenotypes observed for an mvaT mutant,
including overproduction of pyocyanin and increased synthesis
of the C4-HSL and 30-C12-HSL quorum-sensing signals (12).
Other newly identified MvaT target genes include many known
and putative virulence genes such as pld4 encoding phospho-
lipase D (23), the algA and algD genes that are involved in the
synthesis of alginate (11), the exsE and exsD genes encoding
regulators of the type III secretion system (24), the mvaT gene
itself, and the PA1656, clpV3, PA2372, and vgrG3 genes present
on the recently identified HSI-II and HSI-III type VI secretion
islands, together with the type VI secretion related genes hcp2
(hcpA) and vgrG2 (25). Therefore, our findings both confirm
identified members of the MvaT regulon and identify previously
unknown members of the regulon.

Mechanistic Implications. Defining the specific locations of MvaT
and MvaU along the P. aeruginosa chromosome by ChIP-on-chip
suggests specific mechanistic hypotheses for how MvaT and
MvaU control the expression of individual target genes. For
example, the results depicted in Fig. 1B suggest that MvaT
mediates its effects on expression of the cupA fimbrial genes by
(i) directly controlling the expression of the cgr regulatory genes
that positively regulate cupA gene expression (26), and by (ii)
directly binding the cupA promoter and cupAI coding region. In
regard to the latter it is interesting to note that H-NS can inhibit
transcription initiation by occupying regions both upstream and
downstream of a promoter (27). As a second example, the results
depicted in Fig. 1C show that MvaT and MvaU bind both the
promoter and entire coding region of the lec4 gene, raising the
possibility that MvaT and MvaU might exert a portion of their
repressive effects on lecA expression by interfering with tran-
scription elongation (28). Because many regulators mediate their
effects on gene expression by relieving the silencing effects of
H-NS proteins (1, 7), our findings concerning the locations of
MvaT and MvaU provide a resource for those interested in
understanding whether particular regulators in P. aeruginosa
exert their effects by relieving transcriptional silencing mediated
by MvaT and MvaU.

MvaT Has a Marked Effect on the Ability of MvaU to Associate with a
Subset of Genomic Regions. We have shown that MvaT and MvaU
associate with one another (18), raising the possibility that they
bind the same genomic regions because they function exclusively
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Fig. 2. MvaT can influence the association of MvaU with target sites.
Association of MvaU-V with the cgrA-cupAT intergenicregion (A) and with the
lecA promoter and coding region (B), in the presence (green) or absence
(orange) of MvaT. Log2 ratio values were normalized and averaged across
three replicate arrays.

as MvaT-MvaU heteromers. To determine whether MvaT is
required in order for MvaU to associate with any genomic region
we performed ChIP-on-chip with MvaU-V in a AmvaT mutant
strain (PAO1 AmvaT MvaU-V) and compared it with our MvaU
ChIP-on-chip data obtained in the presence of MvaT (i.e., from
PAO1 MvaU-V). We found that all genomic regions that showed
MvaU-V enrichment in the presence of MvaT were still enriched
for MvaU-V when MvaT was no longer present (Table S2),
suggesting that MvaU-V does not require MvaT to interact with
genomic DNA. However, in the absence of MvaT, the log2
enrichment ratios for all MvaU-V peaks were slightly lower, with
the majority of peaks (51%) showing a <3-fold reduction in
enrichment in the absence of MvaT (Table S2). Interestingly, the
log2 ratio of some peaks decreased substantially in the AmvaT
MvaU-V dataset, with ~16% of the peaks showing between a 5-
and 10-fold reduction (Fig. 2 and Table S2). For example, in Fig.
2A, the degree of enrichment of MvaU within the cgrA-cupAl
region is substantially less in the absence of MvaT than in the
presence of MvaT (10-fold versus 64-fold enrichment, respec-
tively, at the maximum peak height) whereas in Fig. 2B, the
degree of association of MvaU with the lecA region is similar in
the absence or presence of MvaT (74-fold enrichment versus
135-fold, respectively). Taken together, our findings suggest that
MvaT and MvaU need not necessarily function as heteromers,
and that MvaT can influence the association of MvaU with
specific genomic regions.

MvaT and MvaU Are Essential in the Absence of the Partner Regulator.
Because MvaT and MvaU regulate a common set of genes, we
reasoned that removal of both MvaT and MvaU might result in
particularly pronounced effects on the expression of MvaT/
MvaU target genes. Repeated attempts at constructing a AmvaT
AmvaU mutant failed, suggesting that loss of both MvaT and
MvaU resulted in lethality. Therefore, to test our idea we made
derivatives of our AmvaT and AmvaU mutant strains (18) in
which the respective partner regulator could be depleted. Our
strategy for depleting either MvaU or MvaT is indicated in Fig.
34, and involved adapting a ClpXP protease-based controllable
protein degradation system (29) for use in P. aeruginosa. This
technique utilizes a small epitope tag that can be fused to the C
terminus of a particular protein to mark it for degradation in a
controllable fashion. The degradation tag (referred to here as
DAS4) contains a low-affinity binding site for the ClpXP
protease complex and a high-affinity binding site for SspB—an
adaptor protein that feeds the tagged protein to the ClpXP
machinery. Degradation of a tagged protein depends on ClpXP
and SspB, with the rate of degradation being dependent on the
intracellular concentration of SspB (29).

To begin to address the question of whether the combined
activities of MvaT and MvaU are essential, we made a version of
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Fig.3. Combined loss of MvaT and MvaU results in lethality. (A) ClpXP-based controllable protein degradation system. Representation of the VSVG-DAS4 tag
integration vector and its use in making strains synthesizing MvaT-V-DAS4 and MvaU-V-DAS4. The VSV-G epitope tag (blue) and the DAS4 tag (green) are shown
together with the gentamicin resistance determinant (GentR), the mobilization region (mob) and FRT sites. (B) Depletion of MvaT-V-DAS4 in a AmvaU mutant
strain and depletion of MvaU-V-DAS4 in a AmvaT mutant strain results in loss of viability. Plasmids pV-SspB and pPSPK-SspB express V-sspB and sspB respectively
in an IPTG-inducible fashion. Plasmids pPSV35 and pPSPK are empty vector controls. Colonies of plasmid-containing cells were resuspended in LB to the same
ODggo. Cells were serially diluted to the indicated ODgoo and spotted onto LB plates that either did (+) or did not (=) contain 2 MM IPTG. Row 1, PAO1 AsspB cupA
lacZ MvaT-V-DAS4 carrying pV-SspB. Row 2, PAO1 AsspB AmvaU cupA lacZ MvaT-V carrying pV-SspB. Row 3, PAO1 AsspB AmvaU cupA lacZ MvaT-V-DAS4 carrying
pPSV35. Row 4, PAO1 AsspB AmvaU cupA lacZ MvaT-V-DAS4 carrying pV-SspB. Row 5, PAO1 AsspB MvaU-V-DAS4 carrying pPSPK-SspB. Row 6, PAO1 AsspB AmvaT
MvaU-V carrying pPSPK-SspB. Row 7, PAO1 AsspB AmvaT MvaU-V-DAS4 carrying pPSPK. Row 8, PAO1 AsspB AmvaT MvaU-V-DAS4 carrying pPSPK-SspB.

our PAOL1 cupA lacZ reporter strain that carried an in-frame
deletion of the sspB gene (PAO1 AsspB cupA lacZ). We then
tagged the native copy of the mvaT gene in this strain such that
it specified MvaT with a VSV-G and a DAS4 tag fused to its C
terminus (MvaT-V-DAS4) (see Fig. 34). The resulting MvaT
depletion strain (PAO1 AsspB cupA lacZ MvaT-V-DAS4) there-
fore made MvaT-V-DAS4 at native levels, and allowed us to
determine that the MvaT-V-DAS4 fusion was functional; the
MvaT-V-DAS4 fusion fully repressed expression of the cupA
lacZ reporter (data not shown).

To determine whether MvaT was essential in the absence of
MvaU, we next made a version of the MvaT depletion strain in
which the mvaU gene was deleted (PAO1 AsspB AmvaU cupA
lacZ MvaT-V-DAS4). A vector directing the synthesis of SspB in
an IPTG-inducible fashion was then introduced into each of the
MvaT depletion strains, and cells from single colonies of each
transformed strain were serially diluted and spotted onto LB
agar plates, or LB agar plates containing IPTG to induce
expression of sspB and deplete the DAS4-tagged MvaT. Deple-
tion of MvaT resulted in at least a 10*-fold decrease in colony
forming units only in the absence of MvaU (Fig. 3B, rows 1 and
4). Additional controls revealed that the loss of viability that
results upon depletion of MvaT in the AmvaU mutant strain
depended on the presence of SspB and the presence of the DAS4
tag on MvaT-V-DAS4 (Fig. 3B). These findings suggest that
MvaT is essential when MvaU is absent but not when MvaU is
present.

Using an analogous strategy we tested the prediction that
MvaU is essential in the absence of MvaT. Depletion of MvaU-
V-DAS4 resulted in at least a 10*-fold decrease in colony
forming units only in the AmvaT mutant background (Fig. 3B,
rows 5 and 8). Taken together, our findings suggest that MvaT
and MvaU have shared functions that are essential in P. aerugi-
nosa. They further suggest that a degree of functional redun-
dancy exists between MvaT and MvaU, because cells can tolerate
loss of either protein, but not the loss of both.

Transcriptional Effects of the Combined Loss of MvaT and Mvau. We
next asked whether we could use our depletion system to
determine the transcriptional effects of removing both MvaT
and MvaU. For these experiments we used the mvaU+ and
AmvaU pair of MvaT depletion strains described earlier (PAO1
AsspB cupA lacZ MvaT-V-DAS4, and PAO1 AsspB AmvaU cupA
lacZ MvaT-V-DAS4). Cells of each of these MvaT depletion
strains were transformed with a vector directing the IPTG-
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dependent synthesis of a VSV-G tagged version of SspB (V-
SspB), and an empty vector control, and grown to mid-log. (Use
of V-SspB and MvaT-V-DAS4 allowed the simultaneous analysis
of both proteins by western blotting.) Cultures were then divided
into two and grown for a further 30 min either in the absence or
presence of IPTG. Cells were harvested for western blot analyses
and for RNA isolation. As additional controls, cells of a wild-
type strain (PAOL1 cupA lacZ), cells of a AmvaT mutant strain
(PAO1 AmvaT cupA lacZ), and cells of a AmyvaU mutant strain
(PAO1 AmvaU cupA lacZ) were grown in the same way as the
cells used for the depletion studies and were harvested for RNA
isolation.

The results depicted in Fig. 44 show that the addition of IPTG
to cells of each MvaT depletion strain containing the sspB
expression vector resulted in both induction of V-SspB synthesis
and concomitant depletion of MvaT-V-DAS4 to the extent that
MvaT-V-DAS4 could no longer be detected. Thus, induction of
V-SspB is rapid and causes depletion of MvaT-V-DAS4. An
additional control revealed that the ability of V-SspB to promote
depletion of MvaT-V-DAS4 depended on the presence of the
DAS4 tag as MvaT-V accumulated in both the presence and
absence of SspB (Fig. S54).

We next determined what effects the combined loss of MvaT
and MvaU had on the expression of target genes, and whether
the transcriptional effects of depleting MvaT were any different
in the presence or absence of MvaU. To do this we quantified the
transcripts of a subset of MvaT/MvaU target genes after MvaT
depletion in the mvaU+ and AmvaU mutant cells by quantitative
real time RT-PCR (qRT-PCR). The same transcripts were also
quantified in control cells containing the empty vector in which
MvaT was not depleted. The results depicted in Fig. 4B show that
the combined loss of MvaT and MvaU resulted in changes in
target gene expression that ranged anywhere from an approxi-
mate 3-fold to 90-fold increase. These differences in magnitude
presumably reflect, at least in part, differences in the affinity of
MvaT/MvaU for a particular region, and/or differences in the
mechanism by which the binding of MvaT/MvaU to a particular
regulatory region or gene facilitates repression. Furthermore, in
most cases, depletion of MvaT had a greater effect on the
expression of MvaT/MvaU target genes in the absence of MvaU
than in the presence of MvaU (Fig. 4B), confirming that the
effects observed upon depletion of MvaT in the AmvaU mutant
strain are dependent on the absence of MvaU. Note that the
effects on gene expression observed upon depletion of MvaT in
the AmvaU mutant cells were not simply because of an effect on
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Fig.4. Combined loss of MvaT and MvaU has a larger effect on the expression
of target genes than loss of MvaT or MvaU alone. Cells of the MvaT depletion
strains containing plasmid pV-SspB (expressing V-SspB in an IPTG-inducible man-
ner) or the empty control vector pPSV35, were first grown to mid-log (time 0),
= then grown for a further 30 min either in the absence (—) or presence of IPTG (+).
: Cells were harvested at the indicated time points and analyzed for protein and
RNA. (A) Depletion of MvaT-V-DAS4 and induction of V-SspB analyzed by western
blot. (Upper) Western blot analysis probed with antibody against VSV-G tag.
(Lower) Western blot probed with antibody against the « subunit of RNA poly-
merase serves as a control for sample loading. PAO1 AsspB cupA lacZ MvaT-V-
DAS4 carrying either pPSV35 (lanes 1-3) or pV-SspB (lanes 4-6). PAO1 AsspB
AmvaU cupA lacZ MvaT-V-DAS4 carrying either pPSV35 (lanes 7-9) or pV-SspB
(lanes 10-12). (B) Effect on target gene expression of depleting MvaT in the
absence and presence of MvaU. Abundance of transcripts in cells PAO1 AsspB
AmvaU cupA lacZ MvaT-V-DAS4 (AmvaU strain) carrying pV-SspB relative to those
carrying pPSV35 (black bars). Abundance of transcripts in cells of PAO1 AsspB
cupA lacZ MvaT-V-DAS4 (mvaU-+ strain) carrying pV-SspB relative to those car-
rying pPSV35 (gray bars). The indicated transcripts were quantified by qRT-PCR.
The dotted line at the bottom of the graph represents transcript abundance in
cells of the strains carrying the pPSV35 control vector. (C) Effect of AmvaT and
AmvaU mutations on target gene expression. Abundance of transcripts in cells of
PAO1 AmvaT cupA lacZ (black bars) and cells of PAO1 AmvaU cupA lacZ (gray
bars) relative to those in cells of the WT control PAO1 cupA lacZ. The dotted line
represents the transcript levels of PAO1 cupA lacZ. Error bars in Band Crepresent
relative expression values calculated from +/—1 SD from the mean AACt.

growth rate as the mvaU+ cells and the AmvaU mutant cells
grew at similar rates over the course of the experiment. An
additional control revealed that the induction of V-SspB alone
had little effect on the expression of the MvaT/MvaU target
genes (Fig. S5B).

Comparison of the effects of removing both MvaT and MvaU
(Fig. 4B) with the effects of deleting either mvaT or mvaU (Fig.
4C) revealed that in general the combined loss of MvaT and
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MvaU had a much greater effect on the expression of MvaT/
MvaU target genes than the loss of either MvaT or MvaU alone.
In fact, deletion of mvaU had little effect on the expression of any
of the MvaT/MvaU target genes tested (Fig. 4C). Furthermore,
the results depicted in Fig. 4 B and C suggest that depletion of
MvaT in the presence of MvaU tended to have less of an effect
on the expression of target genes than did deletion of mvaT
alone, suggesting that we may not be depleting all of the available
MvaT-V-DAS4, or that we may not be depleting it quickly
enough to fully recapitulate the effects of deleting mvaT.

Discussion

We have obtained evidence that the two H-NS family members
in P. aeruginosa, MvaU and MvaT, regulate expression of the
identical set of target genes. Specifically, using ChIP-on-chip, we
have found that MvaT and MvaU associate with the same regions
of the chromosome. These findings provide a demonstration
that, on a genome-wide level, a pair of H-NS family members
functions coordinately. In addition, our analysis indicates that
MvaT and MvaU preferentially associate with AT rich regions
suggesting that MvaT and MvaU are involved in silencing foreign
DNA elements in P. aeruginosa.

Coordinate Activity of MvaT and MvaU in P. aeruginosa. We propose
that the coordinate activity of MvaT and MvaU may allow for the
integration of multiple environmental signals. If the various
species of MvaT and MvaU (MvaT homomers, MvaT-MvaU
heteromers, and MvaU homomers) (18) recognized certain sites
with different affinities, and if the expression of mvaT and mvaU
responded to different environmental signals, this would allow
these signals to fine-tune the expression of the MvaT/MvaU
regulon by changing the intracellular concentration and thus
activity of each protein. Our findings with MvaT and MvaU
suggest that H-NS and its paralogs might also function coordi-
nately in other bacteria, a possibility that is consistent with
several previous observations (10, 19, 30).

Using a ClpXP protease-based protein depletion system (29)
that we adapted for use in P. aeruginosa, we found that the loss
of both MvaT and MvaU from the cell resulted in loss of viability.
Because neither MvaT nor MvaU on its own is essential, these
findings suggest that MvaT and MvaU are, at least by one
measure, functionally redundant. We propose, however, that the
roles of MvaT and MvaU may not simply be to provide a backup
system in the event that the gene encoding one or the other
regulator is lost or in the event that the activity of either
regulator is inhibited (7). Although the functional redundancy
between MvaT and MvaU would be of obvious benefit under
these circumstances, both MvaT and MvaU are evidently in-
volved in controlling the same set of genes in WT cells, which
may be their primary role.

Although we do not yet know why loss of both MvaT and
MvaU results in cell death in P. aeruginosa, we speculate that the
uncontrolled expression of a subset of MvaT/MvaU target genes
is responsible. Indeed, in Salmonella H-NS appears to be essen-
tial; hns cannot be deleted in WT cells but can in cells carrying
mutations in other global regulatory genes including rpoS and
phoP, suggesting that the essential activity of H-NS involves
repression of a gene or set of genes that are positively regulated
by rpoS and phoP (3, 5).

The reciprocity between MvaT and MvaU, i.e., the fact that
deletion of the gene encoding one of these regulators leads to an
increase in production of the other (18), likely contributes to the
ability of cells to tolerate loss of MvaT or MvaU, and likely masks
the individual contributions of MvaT and MvaU to the regula-
tion of target genes. Our ChIP-on-chip analyses revealed that
MvaT and MvaU were associated with both the mvaT and mvaU
genes (Table S1 and Table S2), suggesting that the reciprocal
effects of deleting mvaT and mvaU result from a direct repressive
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effect of MvaT and MvaU on the expression of their respective
genes.

Xenogeneic Silencing in P. aeruginosa. In enteric bacteria H-NS
displays a distinct preference for AT-rich regions of DNA, and
in so doing provides a mechanism for silencing xenogeneic DNA
(7); this presumably explains why H-NS plays such a prominent
role in controlling the expression of virulence genes in enteric
pathogens, many of which are located on pathogenicity islands
or other AT-rich foreign DNA elements (1, 6, 7). Xenogeneic
silencing is thought to minimize any potential fitness cost of
inheriting DNA acquired from a foreign source, and at the same
time facilitate integration of any inherited genes into the existing
regulatory networks of the cell. Despite MvaT and MvaU being
somewhat distant homologs of H-NS, we found that MvaT and
MvaU display a distinct preference for binding AT-rich regions
of the P. aeruginosa chromosome. Based on these findings, and
the evidence that MvaT and MvaU function as repressors
through their DNA-binding (and possible DNA-bridging activ-
ities) (17), we propose that MvaT and MvaU function coordi-
nately as xenogeneic silencers in P. aeruginosa. H-NS can evi-
dently recognize specific sites on the DNA with high affinity, and
once bound to these sites oligomerize across adjacent AT-rich
stretches of DNA (8). We suggest, therefore, that if MvaT
homomers, MvaT-MvaU heteromers, and MvaU homomers
recognized different specific sites with high affinity, but could
still form higher order oligomers with one another, this would
expand the number of potential sites that could nucleate the
silencing of foreign DNA. Our findings with MvaT and MvaU
not only imply that MvaT paralogs are likely involved in xeno-
geneic silencing in other pseudomonads, they also suggest that
xenogeneic silencing is mediated by H-NS family members in
bacteria other than those of the enterobacteriaceae.
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Materials and Methods

Plasmids and Strains. Construction of the plasmids and bacterial strains used
in this study is described in the S/ Text.

Chromatin Immunoprecipitation (ChIP). Cultures were inoculated at a starting
ODggo of ~0.05 and grown with aeration to an ODggg of ~0.6 at 37 °Cin LB.
ChlIP was then performed with 20 ml of culture by using anti-VSV-G agarose
beads (BETHYL laboratories) for VSV-G-tagged proteins, and IgG Sepharose
beads (GE Healthcare) for TAP-tagged proteins (see S/ Text for detailed
protocol).

Quantitative PCR. gPCR was performed by using iTag SYBR green with ROX
(BioRad) and an Applied Biosystems StepOnePlus detection system. ChIP fold
enrichment values were calculated as described (31) and represent the relative
abundance of asequence of interest compared with a negative control region.
All ChIP fold enrichment values represent the average of three biological
replicates, except for those reported in Fig. S2B which are the values obtained
from a single experiment.

ChIP-on-Chip. For ChIP-on-chip experiments, high-density oligonucleotide ar-
rays corresponding to the P. aeruginosa PAO1 genome were designed and
manufactured by Roche NimbleGen. Each array contains 385,382 probes (50
mers) tiled ~20 bp apart, and provides almost complete sequence coverage of
the PAO1 genome. ChIP and input DNA labeling, hybridization, detection,
data analyses, together with additional materials and methods are described
in the S/ Text.
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