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Background: Hha facilitates H-NS-mediated silencing of foreign genes in bacteria.

Results: Two Hha monomers bind opposing faces of the H-NS N-terminal dimerization domain.

Conclusion: Hha binds the dimerization domain of H-NS and may contact DNA via positively charged surface residues.
Significance: The structure of Hha and H-NS in complex provides a mechanistic model of how Hha may affect gene regulation.

The bacterial nucleoid-associated proteins Hha and H-NS
jointly repress horizontally acquired genes in Salmonella,
including essential virulence loci encoded within Salmonella
pathogenicity islands. Hha is known to interact with the N-ter-
minal dimerization domain of H-NS; however, the manner in
which this interaction enhances transcriptional silencing is not
understood. To further understand this process, we solved the
x-ray crystal structure of Hha in complex with the N-terminal
dimerization domain of H-NS (H-NS(1-46)) to 3.2 A resolution.
Two monomers of Hha bind to symmetrical sites on either side
of the H-NS(1-46) dimer. Disruption of the Hha/H-NS interac-
tion by the H-NS site-specific mutation I11A results in
increased expression of the Hha/H-NS co-regulated gene #hilA
without affecting the expression levels of proV, a target gene
repressed by H-NS in an Hha-independent fashion. Examina-
tion of the structure revealed a cluster of conserved basic amino
acids that protrude from the surface of Hha on the opposite side
of the Hha/H-NS(1-46) interface. Hha mutants with a dimin-
ished positively charged surface maintain the ability to interact
with H-NS but can no longer regulate 4ilA. Increased expression
of the /ilA locus did not correspond to significant depletion of
H-NS at the promoter region in chromatin immunoprecipita-
tion assays. However, in vitro, we find Hha improves H-NS bind-
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ing to target DNA fragments. Taken together, our results show
for the first time how Hha and H-NS interact to direct transcrip-
tional repression and reveal that a positively charged surface of
Hha enhances the silencing activity of H-NS nucleoprotein
filaments.

Horizontal gene transfer is widely recognized as the domi-
nant source of genetic diversity among free living microbes and
is a crucial aspect of bacterial adaptation and survival. Horizon-
tally acquired sequences, such as pathogenicity islands, typi-
cally display lower GC content than the host genome average,
but the reason for this bias is unknown (1-3). To control the
expression of newly acquired sequences, several bacterial spe-
cies encode regulatory proteins that bind to genomic regions
with lower GC content than the host genome and repress tran-
scription. These regulatory proteins have been termed xenoge-
neic silencing proteins, and to date, three families have been
identified: the H-NS family of the y-proteobacteria, the MvaT
proteins from the genus Pseudomonas, and the Lsr2 family
from Actinomycetales (4—8). Most well studied are the H-NS
proteins from Escherichia coli and Salmonella enterica sv.
Typhimurium (S. Typhimurium) where genome-wide ChIP-
chip and microarray studies have identified the set of genes
under H-NS repression (4, 6,9). In S. Typhimurium, H-NS reg-
ulates over 400 genes, including Salmonella pathogenicity
islands 1-5 (SPI1 to -5)* (4, 5). To recognize foreign genes, both
H-NS and Lsr2 employ a prokaryotic AT-hook DNA binding
motif that preferentially inserts into the narrow minor groove
of AT-rich sequences (10). In this manner, these proteins bind
newly acquired sequences and prevent the potentially harmful
effects of their uncontrolled expression (11).

The mechanism by which H-NS down-regulates gene
expression has not been determined. Critical to this process,
however, is the ability of H-NS to self-associate and form
extended protein filaments along target sequences (12-15).

“The abbreviations used are: SPI, Salmonella pathogenicity island; PDB, Pro-
tein Data Bank; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-
propane-1,3-diol; r.m.s., root mean square.
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H-NS self-association is achieved through two distinct
dimerization domains located at the N terminus and central
regions of the protein, whereas the C-terminal domain of H-NS
is responsible for the DNA binding activity (16-18). Nucleo-
protein filament formation is thought to occur in a cooperative
manner whereby H-NS DNA binding initiates form a single
high affinity site and is extended by polymerization of local
H-NS molecules along the DNA (19).

At many loci, H-NS alone is insufficient for full transcrip-
tional silencing, and members of the Hha/YdgT family of co-
regulatory proteins are also required (20, 21). Hhaand YdgT are
small (8-kDa) protein paralogues that enhance repression at a
subset of the H-NS regulon. Unlike H-NS, Hha-like proteins are
found exclusively among enteric bacteria, and thus several spe-
cies, such as Vibrio cholera and Bordetella pertussis, that
encode H-NS homologues lack an associated Hha protein. In
Salmonella, hha mutants display mild growth defects and
increased expression of genes encoded within SPI1, responsible
for bacterial invasion of epithelial cells, as well as genes encoded
within SPI2 required for intracellular survival (22—-24). As a
result, #ha mutants exhibit an initial hyperinvasive phenotype
in cell culture and are attenuated for virulence in competitive
murine infection models (22, 24). The loss of ydgT has minimal
effects on Salmonella strains encoding a functional Hha pro-
tein; however, hha/ydgT double mutants display greater losses
in fitness and virulence than the additive effects of the single
mutants (24, 25). Hha and YdgT appear to be highly redundant
with regard to their function, and given that #ha mutations
result in more dramatic phenotypes than deleting ydg7, Hha is
thought to play a more dominant regulatory role, and YdgT is
considered as a “backup” molecule (26), although it is unclear
what the purpose of such a backup would be.

Microarray analysis found that over 1000 genes are misregu-
lated in S. Typhimurium strains lacking both hha and ydgT
(Ahha/AydgT) (21). A comparison of the Ahha/AydgT microar-
ray data with the set of genes misregulated in a Ahns strain of
Salmonella indicates a significant, but incomplete, overlap. The
gene expression profiles of the Ahha/AydgT and Ahns strains
are particularly well correlated with respect to the up-regula-
tion of genes encoded within all five pathogenicity islands (SPI1
to -5). In contrast, ancestral genes regulated by H-NS, such as
proV, which encodes a glycine betaine transporter, and rcsA,
which activates colanic acid synthesis, are unaffected by the loss
of hha/ydgT (21).

The overlap between genes controlled by Hha/YdgT and
those controlled by H-NS is likely to be the result of direct
interactions between these two families of proteins. During its
initial characterization, Hha was found to co-purify from E. coli
BL21 (DE3) with the native H-NS protein (27). The ability to
interact with H-NS is conserved among other Hha family mem-
bers, including YdgT and the Hha ortholog from Yersinia
enterolitica, YmoA (26, 28). Mapping of the Hha/H-NS inter-
action interface by two-dimensional heteronuclear single
quantum correlation experiments revealed that Hha binds to
the N-terminal dimerization domain of H-NS (29, 30). This
finding has led to speculation that Hha-like proteins indirectly
exert regulatory control by altering the oligomerization prop-
erties of H-NS. The notion that Hha and YdgT act through
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H-NS to modulate gene expression is supported by experimen-
tal evidence that Hha/H-NS complex formation is required for
silencing of the hlyCABD operon in E. coli, which encodes the
a-hemolysin toxin (28, 31). Complicating this model are
reports that Hha can independently bind to specific regulatory
sequences within the 4ilA promoter from S. Typhimurium and
the esp operon of enterohemorrhagic E. coli (22, 23, 32, 33).
Despite extensive characterization of Hha-like molecules for
over 2 decades, a clear understanding of how these proteins
influence gene expression and why certain H-NS-repressed loci
require Hha-co-regulation whereas others do not is still
lacking.

To address the mechanism of Hha-mediated gene silencing,
we have determined the crystal structure of Hha from S. Typhi-
murium in complex with the N-terminal dimerization domain
of H-NS. Two molecules of Hha are shown to bind opposite
surfaces of the truncated H-NS dimer, with minimal structural
rearrangements occurring upon complex formation. Muta-
tions in H-NS that disrupt the Hha/H-NS interaction result in
the up-regulation of some H-NS-repressed genes, with the
extent of up-regulation being specific to the particular muta-
tion. Conserved positively charged residues on the surface of
Hha are positioned in the same orientation as the predicted
orientation of the DNA binding domain of H-NS. Hha variants
harboring mutations within this positively charged surface
maintain the ability to interact with H-NS but can no longer
silence Hha-regulated genes. I vivo, Hha mutants defective in
gene silencing have no effect on H-NS DNA binding, whereas in
vitro we find that both wild-type Hha and the silencing-defec-
tive mutants enhance H-NS shifting of AT-rich PCR fragments.
Taken together, our results support a model whereby Hha mol-
ecules coat opposite surfaces of H-NS protein filaments and
mediate gene silencing through a positively charged cluster of
surface-exposed residues.

EXPERIMENTAL PROCEDURES

Plasmid Construction—A list of the plasmids employed in
this study is available in Table 1. The /ns coding sequence was
amplified from Salmonella 1.T2 genomic DNA and restriction-
digested with Ndel and Xhol enzymes. The resulting fragment
was ligated into the corresponding sites the pET21b vector, and
the plasmid generated, pSSA2, was used for overexpression of
the H-NS protein with a C-terminal His, tag. The plasmids
used for expression and purification of H-NS,;; » (pSSA40) and
H-NSg 511 (pPSSA41) were generated by site-directed mutagen-
esis of pSSA2. The hha and ydgT loci from Salmonella LT2
were PCR-amplified and cloned into the Ndel and BamHI
restriction sites of vector pET15b, creating the plasmids pSSA1
and pSSA43. These plasmids were used for the overexpression
and purification of Hha and YdgT with N-terminal Hisg
tags and included a thrombin cleavage site for removal of the
His, tags from the respective proteins. The plasmids used for
expression and purification of Hhag;,s, Hhag s, Hhag o,
Hhag,ea, Hhagsoa, Hhagi4a k174, and Hhapy, g, were made by
site-directed mutagenesis of plasmid pSSA1.

The H-NS truncation mutants H-NS(1-46), H-NS(1- 64),
and H-NS(1-80) were cloned into the vector pCDF1b (Nova-
gen), which contains a compatible replication origin and anti-
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TABLE 1
Plasmids used in this study
Plasmid Vector Description or use Reference or source

pSSA1 pET15b Expression of His,-tagged Hha This study
pSSA2 pET21b Expression of His,-tagged H-NS Ref. 62
pSSA33 pCDF1b Expression of H-NS (1-46) This study
pSSA34 pCDF1b Expression of H-NS (1-64) This study
pSSA35 pCDF1b Expression of H-NS (1-80) This study
pSSA37 (pHNS;;;4) pHSG576 Complementation with FLAG-tagged H-NS;;; » This study
pSSA38 (pHNSy 510 pHSG576 Complementation with FLAG-tagged H-NS,,;; This study
pSSA40 pET21b Expression of H-NS;;; » This study
pSSA41 pET21b Expression of H-NSg ;1 This study
pSSA42 (pHhay, 1) pHSG576 Complementation with Hhay, - This study
pSSA43 pET15b Expression of His,-tagged YdgT This study
pSSA44 pET15b Expression of His,-tagged Hhag, 4, This study
pSSA45 pET15b Expression of His,-tagged Hhay, ¢4 This study
pSSA46 pET15b Expression of His,-tagged Hhag, 5 This study
pSSA47 pET15b Expression of His,-tagged Hhag,q . This study
pSSA48 pET15b Expression of His,-tagged Hhay 5, This study
pSSA49 (pHhag,,,) pHSG576 Complementation with Hhag, 4, This study
PSSA50 pHSG576 Complementation with Hhag, 4, This study
pSSA51 (pHhag,,,) pHSG576 Complementation with Hhag,,, This study
pSSA52 (pHhag,e,) pHSG576 Complementation with Hhag,g, This study
pSSA53 pHSG576 Complementation with Hhay, This study
pSSA54 pET15b Expression of His,-tagged Hhagy, 4az174 This study
pSSA55 pET15b Expression of His,-tagged Hhap, 57 This study
pSSA56 (pHhag, 4/r174) pHSG576 Complementation with Hhay,,a/r174 This study
pSSA57 (pHhap, 4g,,) pHSG576 Complementation with Hhay, gy This study
pSSA58 pCDF1b Expression of H-NSg; . This study
PSSA59 pCDF1b Expression of H-NS|;; ar1.ag This study
pSSA60 pCDF1b Expression of H-NSy 511146 This study
pSSA61 pCDF1b Expression of H-NSy 5ar1.4G This study
pWN423 pHSG576 Empty vector with FLAG tag Ref. 1
pWN425 (pHNS ) pHSG576 Complementation with FLAG-tagged H-NS Ref. 1

biotic resistance cassette for co-expression studies with the
pET15b vector. The pCDF1b vector was digested with
the restriction enzymes Xhol and Ndel, which eliminated
the sequence encoding the His6 tag from the vector back-
bone, thereby allowing for the overexpression of untagged
H-NS(1-46), H-NS(1-64), and H-NS(1-80) proteins from
plasmids pSSA33, pSSA34, and pSSA35, respectively. It
should be noted that in order to facilitate cloning into the
Ncolsite of pCDF1b, the second residue of H-NS, serine, was
mutated to a glycine, and this substitution is present in the
H-NS(1-46) protein co-crystallized with Hha. For the nickel
resin pull-down assays, H-NSy 1, H-NS;;;, and H-NSg,,4
were PCR-amplified from the plasmids pSSA2, pSSA40, and
pSSA41, respectively, with primers encoding a FLAG tag at
the C-terminal end. The PCR fragments were digested with
Ncol and Xhol restriction enzymes and ligated into the vec-
tor pCDF1b, generating the plasmids pSSA58 (H-NSy.1),
pSSA59 (H-NS;;;4), and pSSA60 (H-NSy;51y)-

To construct an #ha complementation plasmid, the 1ha gene
from Salmonella 14028s and ~300 bp of the upstream pro-
moter sequence were cloned into the Pstl site of the low copy
vector pHSG576 (34). Transformants were screened for the
presence of the iha genes, and the native promoter sequence
was inserted in the opposite orientation to the lacl promoter.
The resulting plasmid, pSSA42 (pHhay, 1), restored various
phenotypes of the Ahha strain. The plasmids pSSA49
(pHhag;44), pPSSA50 (pHhag64), PSSA51 (pHhag,-,), pPSSA52
(pHhag,64), pPSSA53 (pHhayz0,), PSSA56 (pHhagy4r174), and
pSSA57 (pHhay,,q,) were generated by site-directed mutagen-
esis of pSSA42. The sequences of all the plasmids generated in
this study were confirmed by Sanger Sequencing at the TCAG
Sequencing Facility (Center for Applied Genomics, Hospital for
Sick Children).
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Site-directed Mutagenesis—Plasmid templates were PCR-
amplified with New England Biolabs Phusion high fidelity DNA
polymerase according to the manufacturer’s instructions (50 ng
of plasmid template was added to a 50-ul PCR). 6 ul of New
England Biolabs buffer 4, 1 ul of Dpnl enzyme, and 3 pul of H,O
were added directly to the PCRs to eliminate the parental plas-
mid. Following a 2-h incubation at 37 °C, 2 ul of the reaction
mixtures were transformed into New England Biolabs Turbo
Competent E. coli cells.

Protein Expression and Purification—Hha, H-NS, and YdgT
expression constructs were transformed into the E. coli BL21
(DE3) strain, and the transformants were selected on Luria-
Bertani (LB) agar plates supplemented with 100 ug/ml ampicil-
lin. The resulting strains were grown in liquid culture until an
optical density at 600 nm of 0.6 was reached. Isopropyl 1-thio-
B-p-galactopyranoside was added to a final concentration of 1
mu, and the induced expression cultures were grown for an
additional 16 h at 15 °C with shaking. Cells from 1-liter cultures
were harvested by centrifugation at 2500 X g for 30 min and
resuspended in 25 ml of cell lysis buffer (10 mm Tris, pH 8.0, 500
mM NaCl, 10 mm imidazole, and 5 mm B-mercaptoethanol).
The cell suspensions were lysed by sonication, and the insoluble
cellular debris was removed by centrifugation at 13,000 X g for
45 min. Qiagen Ni** resin was equilibrated in cell lysis buffer
and incubated with the cell lysates for 15 min at 4 °C on a rock-
ing platform. The cell lysate/Ni*" resin mixture was applied to
a gravity flow column and washed with 50 ml of wash buffer (10
mM Tris, pH 8.0, 500 mm NaCl, 30 mm imidazole, and 5 mm
B-mercaptoethanol). The proteins of interest were eluted
from the Ni*" resin with 15 ml of elution buffer (10 mm Tris,
pH 8.0, 500 mMm NaCl, 250 mm imidazole, and 5 mwm
B-mercaptoethanol).
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Following Ni** chromatography, all samples were further
purified by gel filtration chromatography over a Superdex 200
16/60 column from GE Healthcare, pre-equilibrated with stor-
age buffer (25 mm HEPES, pH 7.5, 150 mm NaCl, 5 mm DTT,
and 5% (v/v) glycerol). Protein-containing fractions were
pooled and analyzed by SDS-polyacrylamide gel electrophore-
sis. Thrombin was added to purified Hha protein samples for
removal of the N-terminal His tag.

Co-expression assays were performed as described above
with the following exceptions. Plasmids encoding the H-NS
variants and Hha or YdgT were co-transformed into a Ahns
strain of BL21 (DE3). The transformants were selected on LB
agar plates supplemented with 100 ug/ml ampicillin (for selec-
tions of pET vectors) and 50 ug/ml streptomycin (for selection
of pCDF1b constructs). Following Ni*" purification, eluates
were analyzed by SDS-PAGE.

Crystallization and Structure Determination—Selenome-
thionyl-incorporated H-NS(1-46)/Hha complex was concen-
trated to 10 mg/ml by spin ultrafiltration (10 kDa molecular
weight cut-off; Millipore) and screened against commercially
available sparse matrix crystal screens (MCSG1-4, Microlytic).
Crystal trials were set up in 48-well VDX plates using the hang-
ing drop vapor diffusion technique. Protein and crystallization
solutions were mixed in a 1:1 ratio with a final drop size of 3 ul
suspended over 250 ul of crystallization solution and stored at
20°C.

Crystals of selenomethionyl-incorporated Hha/H-NS(1-46)
complex appeared in condition 89 of the MCSG1 screen (0.2 M
potassium chloride, 20% (w/v) PEG 3350) after 5 days. Crystals
grown in this condition were singular and grew to dimensions
of ~500 X 100 X 100 um. Crystals were cryoprotected in the
crystallization solution supplemented with 20% (v/v) ethylene
glycol prior to flash freezing in liquid nitrogen. X-ray diffraction
data were collected at beamline X29A, National Synchrotron
Light Source, Brookhaven National Laboratory. Low resolution
(180 images of 2° A¢ oscillation) and high resolution (360
images of 1.0° Ag oscillation) data sets were collected on an
ADSC Q315 CCD detector with a 350-mm crystal-to-detector
distance and an exposure time of 0.4 s/image. The data were
merged, integrated, and scaled using the HKL2000 software
program (35). A total of six (of 10) selenium sites were located
using HKL2MAP (36), and density-modified phases were cal-
culated using SOLVE/RESOLVE (37). The resulting density-
modified Se-SAD (selenium-single-wavelength anomalous dif-
fraction) map was interpretable and allowed for manual model
building using both the previously solved crystal structure of
S. Typhimurium H-NS(1-83) (PDB code 3NR7) and the NMR
ensemble of E. coli Hha (PDB code 1JW2) as guides. Subsequent
model adjustments were made manually in COOT (38)
between iterative rounds of refinement, which was carried out
using PHENIX.REFINE (39). Due the high anisotropy of the
diffraction exhibited by crystals of the Hha/H-NS(1-46) com-
plex, the structure factors were subjected to anisotropic scaling
using the UCLA diffraction anisotropy server (40). Using an
F/o(F) cut-off of 3.0, anisotropic analysis indicated that the dif-
fraction along a* extended to 2.9 A, whereas diffraction along b*
and c* extended to 3.2 and 3.14, respectively. Ellipsoidal trun-
cation of the data followed by anisotropic scaling resulted in
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higher quality electron density maps and a lower overall R,
during refinement. The final model was refined to an R,/
R;,.. of 28.3 and 33.1%.

Molecular images of the H-NS(1-46)/Hha were generated
with the UCSF Chimera software package (41).

Electrophoretic Mobility Shift Assays—A 300-bp fragment
of the ssrA or hilA promoter regions were PCR-amplified and
gel-purified. Various concentrations of purified H-NSy,
H-NS;;; 4, and H-NS,,;; were combined with 40 ng of DNA
and binding buffer (15 mm HEPES, pH 8.0, 40 mm KCI, 1 mm
EDTA, 0.5 mm DTT, 5% (v/v) glycerol). After a 30-min incuba-
tion at room temperature, 4 ul of 6X Fermentas loading dye
was added to each 20-ul reaction. The DNA-protein complexes
were separated by gel electrophoresis, carried out for 2.5 h at 70
V on a 6% native polyacrylamide gel at 4 °C (buffered with Tris
acetate EDTA). The gels were stained with SYBR Green for 20
min at room temperature and imaged.

Mobility shift assays performed with purified Hha, H-NS,
and the ZilA promoter fragment were carried out with a binding
buffer containing 250 mm KCl instead of 40 mm. The increased
salt concentration reduces the affinity of H-NS for the DNA
fragment and facilitates Hha-dependent enhancement of DNA
binding.

Gel Filtration Chromatography—Purified H-NSy,r, H-NS;;; A,
and H-NSg,5;; were dialyzed overnight at 4 °C in to the column
running buffer (25 mm Tris, pH 7.5, 150 mm NaCl, 2 mm DTT,
2.5 mm EDTA, and 5% (v/v) glycerol). Protein samples were
applied to a Tricorn Superdex 200 10/300 GL column pre-
equilibrated with the same running buffer at concentrations of
25,75, and 100 um. Prior to the sample runs, the column was
calibrated with molecular mass protein standards in the range
of 18.2—440 kDa.

Reverse Transcription Quantitative PCR—Cultures for RNA
analysis were grown to an A4y ,m, 0f0.5- 0.6 at 37 °C, and 0.5 ml
of culture was combined with 1 ml of RNAprotect reagent (Qia-
gen). The samples were incubated at room temperature for 30
min, and the cells were harvested by centrifugation at 4600 X g
for 10 min. Total RNA was purified using the Aurum Total
RNA minikit (Bio-Rad) followed by reverse transcription using
an iScript cDNA synthesis kit (Bio-Rad). The resulting cDNA
was analyzed by real-time quantitative PCR with gene-specific
primers and the SsoFast Evagreen Supermix (Bio-Rad) accord-
ing to the manufacturer’s instructions.

Chromatin Immunoprecipitation Assays—Samples from the
same cultures used in the RNA analysis (45 ml) were fixed with
1% (v/v) formaldehyde for 15 min at room temperature. The
cross-linking reactions were quenched by the addition of gly-
cine to a final concentration of 130 mm. Cells were pelleted by
centrifugation (6170 X g for 10 min) and washed twice with
ice-cold phosphate-buffered saline solution (PBS). Total cellu-
lar genomic DNA was sheared by sonication using a biorupter
sonicating water bath (Diagnode) until DNA fragments of
~500 bp or smaller were achieved. The cell lysates were immu-
noprecipitated overnight with anti-FLAG antibody (Sigma cat-
alogue no. F1804) and protein G-agarose beads (Calbiochem).
The samples were incubated at 65 °C for 5 h to break the DNA-
protein cross-links. The DNA fragments that co-precipitated

JOURNAL OF BIOLOGICAL CHEMISTRY 13359



H-NS Interaction with Hha

with H-NS, . were quantified by real-time quantitative PCR
as described above.

Western Blot—Cell pellets were resuspended in cell lysis
buffer containing 9.32 M urea, 2.67 M thiourea, 40 mm Tris, and
86.78 mm CHAPS (pH 8.5). Cells were lysed by sonication, and
the total protein concentrations were quantified using a Brad-
ford assay (Bio-Rad). 10 ug of total protein was combined with
2X SDS-PAGE loading dye and run on a 12% polyacrylamide
SDS BisTris gel. Transfer to a nitrocellulose membrane was
performed with the Bio-Rad semidry electrophoretic transfer
cell at 15 V for 1 h. The membrane was blocked at 4 °C over-
night in TBST (1X Tris-buffered saline, 0.05% Tween 20) with
5% skim milk powder. The membrane was probed with anti-
FLAG M2 antibody (Sigma) diluted 1:1000 in TBST with 5%
(w/v) skim milk for 1 h at room temperature followed by goat
anti-rabbit secondary antibody conjugated with horseradish
peroxidase (diluted 1:10,000 in TBST with 5% milk) for 1 h at
room temperature. DnaK was probed as a loading control using
a mouse primary antibody (1:1000 in TBST with 5% milk) fol-
lowed by a goat anti-mouse secondary antibody conjugated
with horseradish peroxidase (1:10,000 in TBST with 5% milk).

RESULTS

Purification and Crystallization of the Hha/H-NS(1-46)
Complex—To generate large quantities of Hha and H-NS for
crystallographic studies, we employed a co-expression system
previously described to increase the solubility properties of Hha
(42). Hha was overexpressed with an N-terminal His, tag
(Hhay ;) from a pET15b vector in tandem with an untagged ver-
sion of H-NS from pCDF1b. During purification over nickel resin,
untagged H-NS co-eluted with HhaHis6. To avoid the heteroge-
neous nature of the oligomerization properties of H-NS, mul-
tiple C-terminal H-NS truncation constructs were cloned into
the vector pCDF1b, each of which contained the N-terminal
dimerization domain of H-NS responsible for Hha binding.
HhaHis6 co-purified with the H-NS constructs containing res-
idues 1-46 (H-NS(1-46)) and residues 1—64 (H-NS(1-64));
however, no association was detected between HhaHis6 and
the construct encompassing H-NS residues 1-80 (data not
shown). The complex consisting of HhaHis6 and H-NS(1-46)
was chosen as the primary candidate for crystallization because
it was highly soluble and eluted from a Superdex S75 gel filtra-
tion column as a single population, separated from free Hha,
with an apparent stoichiometry of 1:1 (data not shown). Follow-
ing gel filtration chromatography, the His6 tag was cleaved
from the N terminus of Hha by the addition of thrombin, and
the resulting Hha/H-NS(1-46) sample crystallized in multiple
conditions from a screening suite formulated by the Midwest
Center for Structural Genomics. Selenomethionine-incorpo-
rated Hha/H-NS(1-46) was prepared in a similar manner, and
the 3.2 A structure was determined using the single wavelength
anomalous dispersion technique (Table 2).

The structure of Hha in complex with H-NS(1-46) reveals
that two Hha monomers bind to opposite faces of the H-NS(1-
46) dimer (Fig. 1). Individual structures of both Hha and H-NS
N-terminal domains were previously solved by NMR and x-ray
crystallography. The solution structure of E. coli Hha deter-
mined by the Structural Genomics Consortium reveals that the
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TABLE 2
X-ray data collection and refinement statistics
H-NS, ,./Hha

Data collection

Wavelength (A) 0.979
Space group P2,2,2
Cell dimensions
a, b, c(A) 77.9, 82.9,47.1
a, B3, v (degrees) 90.0, 90.0, 90.0
Resolution (A) 50.0-2.9 (3.0-2.9)*
Total no. of reflections 117,015
Total no. of unique reflections 7129
Ryperge (%)° 9.8 (69.7)*
1ol 23.9 (4.3)"
Completeness (%) 99.9 (100.0)*
Redundancy 16.4 (14.0)*
Refinement
Resolution
a*, b*, c* (A)° 47.1-2.9,47.1-3.2,47.1-3.1
Ryond Riee (%) 28.3/33.1
No. of atoms, protein . 1683
Average B-factor, protein (A?) 69.2
r.m.s. deviations
Bond lengths (A) 0.009
Bond angles (degrees) 1.420
Ramachandran plot (%)°
Total favored 97.2
Total allowed . 99.5
Coordinate error (A) 0.59

“ Values in parentheses correspond to the highest resolution shell.

b Riperge = S3|I(k) — (D)|/21(k), where I(k) and (I) represent the diffraction inten-
sity values of the individual measurements and the corresponding mean values.
The summation is over all unique measurements.

¢ Resolution limits recommended by the UCLA diffraction anisotropy server (40).

Ryork = S|Fobsl — KlFoaicl/|Fopsl, where F,  and F_,. are the observed and calcu-
lated structure factors, respectively. Ry is the sum extended over a subset of
reflections (5%) excluded from all stages of the refinement.

¢ As calculated using MOLPROBITY (59).

/Maximum likelihood-based coordinate error, as determined by PHENIX (39).

B

DNA
Binding
Domain

FIGURE 1. Structure of Hha in complex with the N-terminal dimerization
domain of H-NS (H-NS(1-46)). A, Hha and H-NS(1-46) crystallized in a 1:1
ratio with molecules of Hha binding either side of the H-NS(1-46) dimer. Hha
is shown in green, and the H-NS(1-46) monomers are colored yellow and blue.
The N and C termini are indicated in black. B, schematic representation of an
H-NS dimer bound to two molecules of Hha. The dashed box indicates the
region crystallized.

protein consists of four a-helices (43). Helices 1-3 associate
into a bundle through hydrophobic interactions, whereas the
fourth short helix turns back on the distal end of helix 3.
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Numerous studies have reported the structure of the H-NS
N-terminal dimerization domain, including structures from
E. coli, S. Typhimurium, and V. cholera (16, 44 —46). According
to these structures, the first 46 residues of H-NS consist of two
short a-helices and a third elongated helix that forms a coiled-
coil motif upon dimerization. Superposition of the Hha/H-
NS(1-46) complex with the previously solved isolated struc-
tures indicates that no significant structural perturbations of
Hha/H-NS(1-46) occur when the complex is formed. A com-
parison of Hha from the Hha/H-NS(1-46) complex with the
monomeric solution structure of Hha (PDB code 1JW2) shows
significant similarity between the two structures, with a root
mean square (r.m.s.) deviation of 1.9 A over 67 equivalent Ca
atoms. Likewise, the H-NS(1-46) dimer portion the Hha/H-
NS(1-46) complex overlaps with the oligomeric crystal struc-
ture of H-NS(1-83) from S. Typhimurium (PDB code 3NR7)
over 41 equivalent Ca positions with an r.m.s. deviation of
0.7 A.

The relative orientation of the H-NS monomers within the
homodimer has been a somewhat controversial topic (47). A
solution structure of the H-NS(1-57) dimer from S. Typhimu-
rium suggested that the monomers oligomerize in a parallel
topology, with the two C-terminal “tails” pointing in the same
direction away from the N-terminal dimerized “head” (45).
Conversely, three independent studies have reported an antipa-
rallel conformation for the H-NS dimer, where the C-terminal
tail ends of H-NS helices 3 project outwards in opposite direc-
tions from the dimerized head region (16, 44, 46). A recent
molecular dynamics study of both the antiparallel and parallel
H-NS structures revealed that the antiparallel domain is more
stable than the parallel conformation under most conditions
(47). In our structure of the Hha/H-NS(1-46) complex, the two
monomers of H-NS(1-46) are present in an antiparallel con-
formation. Notably, each Hha molecule contacts both mono-
meric subunits within the H-NS(1-46) dimer in a fashion that
can only be supported when the H-NS dimer is arranged in the
antiparallel conformation.

Mutations of H-NS at Residues Ile-11 and Arg-12 Abolish the
Hha/H-NS Interaction without Affecting the Capacity of H-NS
to Bind DNA and Self-associate in Vitro—Two models of Hha-
mediated gene regulation have been proposed. In one model,
Hha exerts regulatory control solely through its interaction
with H-NS (28, 31). In the second model, Hha can bind DNA
and influence transcription independently of H-NS (22, 23, 32,
33). To establish whether or not Hha-mediated gene silencing
requires an interaction with H-NS, we first identified and char-
acterized H-NS mutants incapable of binding Hha. These
“Hha-blind” H-NS mutants were subsequently tested for their
ability to silence Hha/H-NS-repressed genes (see below). If Hha
requires H-NS to modulate gene expression, we predicted that
disrupting the H-NS/Hha interaction would have a similar
effect on gene expression as deleting iha.

A number of H-NS residues involved in binding Hha were
previously identified by Garcia et al. (30) by performing hetero-
nuclear single quantum correlation NMR experiments with
'5N-labeled H-NS(1-46). Garcia et al. (30) reported that resi-
dues within a conserved motif in helix 2 of the H-NS N-termi-
nal dimerization domain were perturbed upon titration of Hha
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and that mutating H-NS residue Arg-12 to His (H-NSg,;;) dis-
rupted the Hha/H-NS interaction. The H-NSg;,;; mutant had
originally been identified in a genetic screen as a point mutant
that resulted in the loss of H-NS silencing in vivo (18). To
expand upon these findings, we performed site-directed
mutagenesis within the Hha recognition motif of H-NS helix 2
to isolate additional mutations that would abolish the Hha/
H-NS interaction but would not otherwise compromise the
function of H-NS. Hha/H-NS complex formation was meas-
ured by co-expressing His,-tagged Hha with FLAG-tagged
H-NS variants in a BL21 (DE3) Ahuns strain. Following purifica-
tion by nickel chromatography, the ability of the FLAG-tagged
H-NS variants to co-purify with Hha,;,, was detected by SDS-
PAGE of the nickel column eluate. In addition to the
H-NSR12H mutant, an H-NS mutant harboring an Ile-11 to Ala
substitution (H-NS;,,,) failed to co-purify with Hha, . (Fig.
2A). We also assessed the interaction between the Hha paral-
ogue YdgT and the H-NS mutants using the co-expression sys-
tem. YdgT,;,.c appears to be susceptible to degradation when it
cannot interact with H-NS, as indicated by the absence of a
Coomassie-stained band corresponding to the molecular
weight of YdgT after co-purification with either H-NSI11A or
H-NSg1,y (Fig. 2B). Unlike Hha, YdgT maintains some inter-
action with the H-NS point mutant H-NSg, 1, suggesting that
the YdgT/H-NS interaction is differentially affected by muta-
tions that abolish Hha/H-NS complex formation. Indeed, the
solution structure of the YdgT protein from E. coli (PDB code
2]JQT) indicates that YdgT lacks the short C-terminal a-helix,
equivalent to helix 4 in Hha, that interacts with the H-NS resi-
due Arg-12 according to our Hha/H-NS(1-46) complex struc-
ture (48).

Prior to characterizing the H-NS;;; , and H-NS,,;; mutants
in vivo, we first verified that these mutations do not adversely
affect the DNA binding and oligomerization properties of
H-NS in vitro. H-NS DNA binding activity was assessed using
an electrophoretic mobility shift assay (EMSA). Purified
H-NSy» H-NS;;;., and H-NSg;,,;, were combined with a
300-bp PCR fragment from the promoter region of ssrA, a gene
located in SPI2 and a known target of H-NS repression. The
binding reactions were separated on a native polyacrylamide
gel, and the DNA-protein complexes were visualized with
SYBR Green nucleic acid stain. The addition of 300 -500 nm
H-NSy¢» H-NS; 74, or H-NSy,,; to the reactions resulted in
complete shifting of the ssrA promoter fragment to higher
molecular weight complexes (Fig. 2, C and D). H-NS is well
documented to bind DNA in a cooperative manner, which
accounts for the sudden shifting of ssrA over a narrow concen-
tration range (12, 19). The EMSAs indicate that H-NS,;, , and
H-NSg,,1 bind DNA at concentrations similar to that of wild-
type H-NS; however, some qualitative differences in their band
shifting patterns were reproducibly observed. The lower mobil-
ity protein-DNA complexes generated by H-NS,+ appear as
broad diffuse bands, whereas the protein-DNA complexes gen-
erated by H-NS;;; . and H-NSg,,;; appear as discrete, well
defined bands.

In solution, H-NS exhibits concentration-dependent oligo-
merization in the absence of DNA that can be detected by gel
filtration chromatography (49). The oligomerization properties
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FIGURE 2. H-NS mutations at residues lle-11 and Arg-12 disrupt the Hha/H-NS and YdgT/H-NS interactions without affecting DNA binding activity in
vitro. A, Coomassie-stained SDS-PAGE of Hiss-tagged Hha co-expressed with FLAG-tagged H-NSy,1, H-NS,;; o, H-NSg;5, and H-NSg;,,. Samples from co-ex-
pression cultures were taken prior to induction with isopropyl 1-thio-B-p-galactopyranoside (lanes marked U (for “uninduced”)), 16 h after the addition of 1 mm
isopropyl 1-thio-B-p-galactopyranoside (lanes marked | (for “induced”)), and after purification by nickel chromatography (lanes marked E (for “eluate”)).
His¢-tagged Hha copurifies with H-NS,, but not the point mutants H-NS,;; 5, H-NSg; 5, and H-NSg;,4. B, nickel resin purification of Hisg-tagged YdgT after
co-expression with the same H-NS constructs in A. C and D, purified H-NS,r, H-NS,;;,, and H-NSg;,,, were added to a 300-bp PCR fragment from the ssrA
promoter region at concentrations of 150, 200, 300, 400, and 500 nm. The dash above four of the lanes indicates that no protein was added to the samples.
Protein-DNA binding reactions were separated on a 6% polyacrylamide gel by native gel electrophoresis and stained using SYBR Green nucleic acid stain. The
H-NS point mutants H-NS,;; , and H-NSg,,, shift the ssrA promoter fragment at similar concentrations as H-NS,.

TABLE 3

Oligomerization properties of H-NS variants measured by gelfiltration
chromatography

Calculated
Protein Concentration molecular weight
kDa
H-NSy1 25 158
75 275
100 301
H-NS;;; o 25 158
75 213
100 295
H-NSg o1 25 177
75 309
100 354

of H-NSyy 1, H-NS;;; o, and H-NSg,,;; were compared by apply-
ing the purified proteins to a calibrated Tricorn Superdex 200
column at the concentrations of 25, 75, and 100 uM. Because
H-NS self-associates into elongated helices, the molecular mass
values determined by gel filtration are likely to overestimate the
true size of the average H-NS oligomer in the sample. The 25,
75, and 100 um H-NS,,+ samples eluted from the S200 gel fil-
tration column with an average calculated molecular mass of
158, 275, and 301 kDa, respectively (Table 3 and Fig. 3). Simi-
larly, the average calculated molecular masses following gel fil-
tration for H-NS;,,, at the same initial concentrations were
158,213, and 295 kDa. Compared with H-NS,+ and H-NS;;; 4,
H-NSg 51y consistently eluted from the S200 column with
slightly higher apparent molecular masses of 177, 309, and 354
kDa. Although H-NS;;; o and H-NSg;,;; both display concen-
tration-dependent oligomerization properties, the gel filtration
results suggest that H-NSy,,,; may self-associate into more
extended protein filaments than H-NSy+ and H-NS; 4.
Disruption of the Hha/H-NS Interaction in Vivo Results in
Misregulation of Select H-NS-repressed Genes—To clarify
whether or not Hha can influence gene expression outside of its
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interaction with H-NS, we investigated the regulatory conse-
quences of disrupting the Hha/H-NS complex in vivo. The
H-NS mutants hns;;;, and hnsgi,yy as well as hnsy, were
cloned into a low copy vector encoding a C-terminal FLAG
epitope tag and the native /ins promoter. The plasmids gener-
ated, pHNS1, pHNS;;; », and pHNSg;,;;, were subsequently
transformed into an /s mutant strain of S. Typhimurium. The
Ahns background used in this study harbors an additional
mutation within the rpoS gene consisting of a 5-residue in-
frame deletion. This mutation was acquired after laboratory
passage of S. Typhimurium and reduces rpoS activity and thus
significantly improves bacterial tolerance of the /ns deletion
(11, 50). S. Typhimurium Ahns strains harboring pHNS 1,
pHNS;1:4» PHNSiiop and the empty plasmid control,
pWN423, were grown to mid-logarithmic phase (A, of 0.6),
and samples were removed for gene expression analysis. Total
RNA was purified and reverse transcribed with degenerate
primers, and the transcript levels of three H-NS-regulated
genes were assessed by qPCR. Two of the genes analyzed, hilA
and ssrA, are positive regulators of SPI1 and SPI2, respectively,
and were previously shown to require both Hha and H-NS for
silencing (21). proV is reportedly silenced by H-NS in an Hha-
independent fashion and thus serves as a negative control.

In the absence of H-NS, the steady-state levels of proV;, hilA,
and ssrA transcripts were increased 40-fold or more compared
with the strain complemented with pHNSy, (Fig. 44). Intro-
duction of the H-NSg;,;; mutant also resulted in increased
transcript levels of all three genes, suggesting that the R12H
mutation interferes with H-NS function beyond its inability to
interact with Hha. In contrast, the H-NS;;; , mutant main-
tained wild type levels of proV transcript but derepressed hilA
and ssrA by 145- and 9.5-fold compared with H-NSy levels.
The H-NS;;;, construct more closely mimicked the gene
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FIGURE 3. H-NS,,, o and H-NS;,,,, self-associate in a concentration-dependent manner. Nickel-purified H-NS, 1, H-NS,;, », and H-NSg,,,, were applied to a
Tricorn Superdex 200 10/300 GL column at concentrations of 25 um (dashed lines), 75 um (solid lines), and 100 um (dotted lines). The molecular weight of the
average protein complex in each sample was calculated according to prior calibration with molecular weight protein standards between 18.2 and 440 kDa
(Table 3). As the sample concentration was increased, H-NSy1, H-NS;;5, and H-NSg;,,, eluted from the column as higher molecular weight oligomeric

complexes.

expression pattern of the S. Typhimurium Ahha strain,
although the extent to which /ilA and ssrA were misregulated
varied. /ilA expression in the Ahha strain increased 181-fold
compared with H-NSy levels and increased 147-fold in the
pHNS,;, o strain. On the other hand, ssrA expression was
10-fold higher in the strain harboring H-NS;;;  compared with
2.5-fold in the Ahha strain (Fig. 4A4). These results are consist-
ent with the notion that an association between Hha and H-NS
isrequired to achieve full transcriptional silencing of 41i/A under
the conditions tested.

To determine if abrogating the Hha/H-NS interaction affects
H-NS DNA binding, ChIP qPCR was performed on the
S. Typhimurium Ahnus strains harboring pHNS 1, pHNS;;; A,
and pHNSg, ;. Cultures were grown to mid-logarithmic phase
and fixed with formaldehyde, the DNA was sheared by sonica-
tion, and H-NS/DNA complexes were immunoprecipitated by
the addition of an anti-FLAG antibody. qPCR was used to
measure the immunoprecipitation efficiency (i.e. percentage
recovery after immunoprecipitation compared with initial
input) of the proV, hilA, and ssrA genes. Overall, the mutants
H-NS;;; » and H-NSg,,;; displayed a partial loss of DNA bind-
ing activity compared with H-NSy (Fig. 4B). The H-NS;; 5
immunoprecipitation efficiencies for proV;, hilA, and ssrA were
reduced by 1.8-, 2.2-, and 2-fold relative to H-NS, respec-
tively. Similarly, compared with H-NS\,;, the H-NS;,,y
immunoprecipitation efficiencies were reduced by ~3.3-fold at
proV, 2.2-fold at hilA, and 2.5-fold at ssrA. stm1033, a gene that
does not bind H-NS in vivo, displayed a level of enrichment with
H-NSy1, H-NS;;; o, and H-NSg, ,;; that was over 25-fold lower
than the bona fide binding targets (4). We note that occupancy
at the proV, hilA, and ssrA promoter regions by H-NS and its
mutant variants does not directly correlate with the gene
expression data. Despite a similar loss in the DNA binding abil-
ity of the H-NS;;; o and H-NS,,;; mutants, proV expression
levels were 29-fold higher in the strain harboring pHNSy ;5
compared with the pHNS;;;,- and pHNS,-expressing
strains. These data indicate that occupancy of DNA by H-NS
per se is not sufficient to promote silencing and that subtle
variations in nucleoid structure and local occupancy, which
cannot be measured by the ChIP method we employed, are
likely to play an equally important role in gene regulation.

To exclude the possibility of variant expression levels from
the plasmids pHNS, pHNS,;; o, and pHNS ,,,, intracellular
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H-NS levels were quantified by Western blot analysis. Samples
taken from the same cultures used in the ChIP assay (harboring
pHNS+ pHNS;;; o, and pHNSg, ,;;) were normalized for total
protein concentration, separated by SDS-PAGE, and trans-
ferred to a nitrocellulose membrane. H-NS was probed with
a-FLAG antibody and a a-DnaK antibody served as a loading
control (Fig. 4C). Whereas the expression levels of H-NS,+ and
H-NS;;; o were comparable, H-NSy,,;; expression was some-
what higher. H-NS is known to repress its own promoter, and
the H-NSg,,;; mutation may impair the ability of H-NS to auto-
regulate its expression (51). We conclude that the inability of
H-NS;;; 4 and H-NSg,,;; to silence 4ilA and ssrA is not due to
lower levels of expression.

Conserved Positively Charged Residues on the Surface of Hha
Are Critical for Gene Silencing—Sequence alignment of Hha
and YdgT proteins from various Enterobactericiae indicates
that several charged residues are highly conserved (Fig. 54). An
electrostatic surface representation of the Hha solution struc-
ture shows that positively charged and negatively charged res-
idues cluster on opposing surfaces of the molecule (Fig. 5B).
Overall, Hha is a modestly basic protein but contains 11 acidic
residues, 10 of which are highly conserved among the Hha fam-
ily of proteins. In a previous study carried out by de Alba et al.
(52), the authors systematically mutated each of the 10 con-
served aspartate and glutamate residues of Hha to asparagine
and glutamine, respectively, and evaluated the effects of the
mutations on the Hha/H-NS interaction. Only two of the 10
Hha residues mutated, Glu-25 and Asp-48, had significant
diminishing effects on the Hha/H-NS association, and one of
the mutants generated, E53Q, formed insoluble aggregates.
Consistent with these findings, the Hha/H-NS(1-46) structure
reveals that the negatively charged surface of Hha, containing
residues Glu-25 and Asp-48, takes part in the interaction inter-
face with the H-NS(1-46) dimer. Although the negatively
charged surface of Hha is partially buried upon complex forma-
tion with H-NS(1-46), a cluster of positively charged residues
(Arg-14, Arg-16, Arg-17, Arg-26, and Lys-30) projects out from
the surface of Hha, pointing away from the Hha/H-NS(1-46)
interaction interface (Fig. 5B).

The model of H-NS nucleoprotein filament formation pre-
sented by Arold et al. (16) predicts that the arginine-rich sur-
face of Hha is oriented in the same direction as the H-NS DNA
binding domain. Given our Hha/H-NS complex structure, we
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FIGURE 4. H-NS mutants 111A and R12H differentially misregulate gene
targets in S. Typhimurium. A, reverse transcription gPCR was performed on
samples from S. Typhimurium Ahns strains harboring pHNS,,1, PHNS,;;,
pPHNSRg;51, @an empty plasmid control (Ahns), and a Ahha strain. Total RNA was
purified and reverse transcribed, and the resulting cDNA was quantified by
gPCR with primers against proV, hilA, and ssrA. Transcript levels were graphed
as -fold expression relative to the Ahns strain expressing pHNS,,, and the
error bars represent the S.D. from three biological replicates. B, H-NS enrich-
ment was measured by ChIP qPCR at the proV, hilA, ssrA, and stm1033 pro-
moter regions with samples from the same strains used in A. stm1033 is a
region previously shown to be unbound by H-NS. H-NS enrichment is
expressed as the immunoprecipitation efficiencies (percentage recovery
after immunoprecipitation compared with initial input). Error bars, S.D. on
three biological replicates. C, Western blot analysis of H-NS expression levels
from the complemented Ahns strains used in A and B. H-NS was probed with
a-FLAG monoclonal antibody, and a-DnaK served as a loading control.

therefore hypothesized that Hha may be providing H-NS with
an additional DNA binding surface and enhancing the forma-
tion of H-NS/DNA filaments at suboptimal target sequences.
To test this hypothesis, we mutated several of the conserved
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residues on the surface of Hha to alanine, generating the con-
structs Hhag, 44, Hhaga, Hhag -4, Hhag,ea, and Hhaygo, and
the double mutant Hhay; 4 ,r174. The Hha mutants were over-
expressed with N-terminal Hisy tags and purified over nickel
resin. Most of the mutants displayed solubility properties sim-
ilar to those of Hhay,1, with the exception of Hhay,,, and
Hha,; A, which had a tendency to form insoluble aggregates.
The remaining four mutants, Hhay, 4, Hhag,,,, Hhag,ea, and
Hhag 44,1174, Were confirmed to retain Hhay, secondary
structure characteristics by circular dichroism (CD) spectros-
copy (data not shown). To verify that the surface arginine muta-
tions do not interfere with the ability of Hha to interact with
H-NS, Hha/H-NS complex formation was assessed using the
previously described co-expression/nickel resin pull-down
assay. The point mutant Hhap, ¢, which was shown to disrupt
the Hha/H-NS interaction by de Alba et al. (52), served as a
negative control. His,-tagged Hhag .., Hhagi,s, Hhagsga,
Hhagi4a/r174, and Hhap gy were co-expressed with FLAG-
tagged H-NS in an /ns mutant strain of BL21 (DE3). With the
exception of Hhap ¢, all of the Hha mutants tested co-purified
with H-NS (Fig. 5C).

S. Typhimurium strains lacking Hha are characterized by a
decreased growth rate and increased expression of several
H-NS-repressed loci. The ability of the Hha surface-exposed
arginine mutants to complement the Alha defects was assessed
by reverse transcription qPCR.

Transcript levels of proV, hilA, and ssrA from S. Typhimu-
rium Ahha strains harboring plasmids expressing Hhaygr,
Hhag,,s, Hhagy7x, Hhagoea, Hhagysarizas and Hhapgey
under control of the native /ha promoter were determined. All
of the Hha mutants tested were deficient in silencing 4ilA but
maintained Hhay, 1 levels of proV, whereas ssrA was affected to
varying extents (Fig. 6A4). The Hhag, 4,74 double mutant was
most deficient in transcriptional silencing. hilA and ssrA
expression were 214- and 4.2-fold up-regulated in the strain
harboring pHhag;,4,r174, relative to Hhay, 1 levels, which are
roughly comparable with expression levels in the Ahha strain
harboring the empty plasmid control. It should be noted that
the -fold expression values presented in Fig. 64 have been nor-
malized to a Ahha strain complemented with Hhay,r, whereas
the values presented in Fig. 44 have been normalized to a Ahns
strain complemented with H-NSy, 1, and this accounts for the
different expression levels reported for Akha in the two figures.
These findings are in agreement with the proposed model
whereby the positively charged surface of Hha stabilizes Hha/
H-NS/DNA filaments and is therefore critical for transcrip-
tional repression.

If Hha provides H-NS with an additional DNA binding sur-
face, we would expect to observe a decrease in H-NS DNA
binding when the positively charged surface of Hha is mutated
or in strains lacking Hha altogether. To further explore this
model, we performed ChIP qPCR on samples taken from the
same cultures used in the reverse transcription qPCR assay.
H-NS enrichment at the proV;, hilA, and ssrA promoter regions
was measured and expressed as immunoprecipitation frequen-
cies (Fig. 6B). Surprisingly, no significant changes in H-NS
enrichment were observed between the strains expressing
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Hha Pectobacterium - - - - - - - .- MKK ID¥LMR LRKCTT "RV IEKNKYELSND- - - - - ELEMFFSAA LTMN- KLYD|- - KIPTAVWRYVR- - -
Hha Sodalis #1 - .- - ... .- MKK | D¥LMR LRIKICRT ERVIEKNKYELSDD- - - - - ELEIFNSAA LTMN- KLYD- - KVPVSVWKYVR- - -
Hha Wigglesworthia - - ------- MKK | DYILMR LRKICRT VIEKNKYKLSND- - - - - ELEIFNSAA ITMN- TILYD|- - KVPN SVWKYVR- - -
Hha Klebsiella pKP187 #1 - - - - m- - - - - TKQEWILRLRIRCT S VI EKNKYSESDD- - - - - ELEHFNAAV MTMG- KLYD- - RVP SGVWK FVK- - -
Hha Citrobacter pCROD2 - - - - MK- - - - TKQEWLFQL VIEINRYKLPLS----- ESEAFYSAA LVMN- KLYD- - KVP SGVWKYVH- - -
Hha Sodalis #2 ----MQHK--NKIEWLLQF KMAER | AERLDGN- - - - - EYLYFQSAV LTMN- RLYD- - KIPAKVWHYVK- - -
Hha Klebsiella pKP187 #2 MLKSLNVHSSLRETMLLKF VFERILDKLNDEGGD INKITSLNGAY 1 YMK- K1YD|- - KIPASVWHL I PDE |
YdgT Escherichiacoli - -------- MTVQDYLLKF LYDHLNYTLTDD- - --QELINMYRAA LVSGGRLFDILGQVPKSVWHYVQ- - -
YdgT Salmonella - - - - - - .- MTVQDYLLKF LFgHLNYTLTDD----MDIVNMYRAA LVSGGRLFDVGQVPQSVWRYVQ- - -
YdgT Klebsiella - ------ - MTVLD¥LLKF EKLFDHLNYSLTDT----EEIVNMYRAA LVSGGKLFBVGQVPKSVWRFVQ- - -
YdgT Enterobacter - - - - .- .- MTVQDMILLKF LFDHLNYSLTNT----EEIVNMYRAA LVSGGRLYBVGQVPKSVWHYVQ- - -
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FIGURE 5. Highly conserved, positively charged residues protrude from the surface of Hha when in complex with H-NS(1-46). A, an alignment of diverse
Hha-like and YdgT-like molecules from selected enteric bacterial species or their plasmids. Residues are colored according to conservation. The conserved,
positively charged residues targeted for mutagenesis are indicated with red dots. Alignments were performed using the default settings on the COBALT server
at NCBI (60), and results were displayed using Jalview (61). B, surface electrostatic representation of Hha in complex with H-NS(1-46). The 3.2 A resolution of the
Hha/H-NS(1-46) complex did not enable modeling of several surface-exposed side chains; therefore, the Hha solution structure (PDB code 1JW2) was aligned
to Hha from the Hha/H-NS(1-46) complex (r.m.s. deviation = 1.9 A over 67 Ca atoms). Positively charged residues are colored blue, and negatively charged
residues are colored red. Surface-exposed basic residues of Hha that point away from H-NS(1-46) are labeled. C, Coomassie-stained SDS-PAGE after co-expres-
sion and Ni?* purification of FLAG-tagged H-NS,; and Hiss-tagged Hhay,r, Hhap,gn, Hhagiaa, Hhagi7a Hhagsea and Hhag,arisa. All of the Hha mutants
maintained an interaction with H-NS,, with the exception of the D48N point mutation, previously reported to disrupt the interaction.

Hhay,, Hhag;4a,r174, and the empty plasmid control Aiha.  promoter region was incubated with various concentrations of
The implications of these findings are discussed below. purified Hha and H-NS. As the concentration of Hha in the

Hha Enhances H-NS DNA Binding in Vitro—We tested the binding reactions was increased while the concentration of
effect of Hha on the ability of H-NS to bind DNA in vitro by =~ H-NS was held constant, the /i/A fragment shifted to a lower
performing EMSAs. A linear 300-bp PCR product from the #i/A  mobility protein-DNA complex (Fig. 7A). The addition of Hha
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in the absence of H-NS did not affect the mobility of the hilA
fragment. Therefore, we observe that Hha enhanced H-NS
DNA binding in vitro but could not form stable protein-DNA

proV
hilA
o1a E ssrA

a
N
8

Fold expression

w

151
E ssrA

oy B stm1033
g 7.7
S 104 47 5.4
&=
]
o
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FIGURE 6. Positively charged residues of the surface of Hha are critical for
function. A, transcript analysis was performed on a Ahha strain of S. Typhi-
murium harboring an empty plasmid control (Ahha) or pHhay,t, pHhag; 4,
pHhag;,a, PHhag,ea, OF pHhag, 4ar174- EXpression levels of proV, hilA, and ssrA
were normalized to the Ahha strain harboring pHha, . All of the Hha variants
tested resulted in significant up-regulation of hilA, whereas the expression
profile of the Hhagy4a/r174 double mutant most closely paralleled the Ahha
strain. B, ChIP gPCR was performed with samples from the pHha,,, Ahha, and
pHhag 4a/r174 Strains. H-NS enrichment at the proV, hilA, ssrA, and stm1033
promoter regions is expressed as ChlIP efficiencies. Error bars, S.D. on three
biological replicates. Significant differences between the ChlP efficiencies of
H-NS from the pHhay,y, Ahha, and pHhag;4a/r174 Strains were not noted.

complexes in the absence of H-NS. This enhancement was
most noticeable when the concentration of H-NS was kept low
(300 nm) and the salt component of the binding reactions was
increased to 250 mM in order to lessen the DNA binding capa-
bility of H-NS (i.e. we notice no additional effect of Hha under
conditions where H-NS has already fully shifted the promoter
fragment). Notably, EMSAs performed with the purified Hha
arginine mutants revealed that H-NS DNA binding to /#i/A was
also enhanced by the addition of Hhay, 44,1174, although this
mutant was completely defective for gene silencing in vivo (Fig.
7B).

DISCUSSION

Recent structural studies have provided important insight
into how H-NS-like proteins silence the expression of foreign
sequences. We now know that H-NS binds AT-rich xenogeneic
genes based on their inherent topographical distinctions from
the host chromosome through a prokaryotic AT-hook motif
located in a loop region of the H-NS C-terminal DNA binding
domain (10). The manner in which H-NS self-associates was
clarified by the crystal structure showing H-NS polymerized
into extended superhelical filaments (4). These higher ordered
H-NS filaments are thought to assemble along target sequences
and repress transcription by mechanisms that remain unclear.
One major question is how the Hha/YdgT co-repressors mod-
ulate H-NS activity through direct interactions with H-NS
nucleoprotein complexes. In this study, we present the 3.2 A
crystal structure of Hha in complex with the N-terminal
domain of H-NS. We identified a mutation in the N-terminal
dimerization domain of H-NS (I11A) that abolishes the Hha/
H-NS interaction while retaining other properties of H-NS
required for normal repression of the proV locus. Replacing
H-NSyr with H-NS;;, , in S. Typhimurium results in a similar
gene expression pattern as observed in the Ahha strain, sug-
gesting that Hha mediates its effects on transcription primarily
through its interaction with H-NS. This structure provides a
plausible model of how Hha could assemble into an H-NS
nucleoprotein filament (Fig. 8).

An electrostatic representation of the Hha solution structure
shows an asymmetrical charge distribution that relates to spe-
cific functions. The predominantly basic surface of Hha points
away from H-NS(1-46), whereas a combination of basic and
acidic Hha residues interact with H-NS. de Alba et al. (52) iden-
tified residues Glu-25 and Asp-48 from Hha as critical for the

A Hhayy Hhay,r B Hhagsr174 Hhap,gy
.—‘ IR |
HNSyr = + + + + + = - - < HNSyr = + + + + + = + + + + +
. el el el " s bt ] el el el |

hi/A;“UUU\J\JUUJJ h"A’LA\.ALAULJ"_UULJuJ

ot

FIGURE 7. Hha augments H-NS DNA binding in vitro. A, electrophoretic mobility shift assays performed with a 300-bp PCR product from the hilA promoter
region. No protein was added to the samples marked with minus signs. The plus signs signify 300 nm H-NS in the binding reaction. The addition of Hha,\ to the
samples indicated at concentrations of 300, 600, 900, and 1200 nm resulted in increased shifting of the hilA fragment. When Hha,, is combined with the hilA
fragmentin the absence of H-NS, no shifting is observed. B, EMSAs performed with Hhag, 4r;74 @nd Hhap,gy also resultin improved shifting of the hilA fragment.
The same protein concentrations from A were applied.
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FIGURE 8. Model of Hha interaction with H-NS. A, diagram of four Hha molecules (green) bound to two H-NS dimers. Monomers of the H-NS dimer are
represented in yellow and blue. The AT-hook motif in the H-NS DNA binding domain interacts with the minor groove of target DNA sequences. The relative
orientation of the positively charged surface of Hha is shown with plus signs. B, model for how Hha could be arranged in the H-NS nucleoprotein complex in

“bridging” mode.

Hha/H-NS interaction, and our structure confirms that these
residues are located within the Hha/H-NS(1-46) interaction
interface. A genetic screen of YdgT from E. coli, the Hha paral-
ogue alternatively named Cnu, also implicated electrostatic
interactions as the dominant attractive forces between Hha and
H-NS (53). Mutagenesis of conserved basic residues on the sur-
face of Hha opposite to the Hha/H-NS(1-46) interaction inter-
face identified variants (Hhag,,,, Hhag,,,, Hhag,.,, and
Hhagi4a,r174) that retain the ability to interact with H-NS but
are deficient in silencing /ilA. Elimination of both Arg-14 and
Arg-17 from Hha resulted in a higher -fold derepression of #ilA
than the additive effects of either single change. Our results
demonstrate that positively charged residues of Hha that pro-
trude from the surface of the Hha/H-NS(1-46) complex are
essential for regulatory control and suggest that Hha could
potentially provide an additional interaction surface for the
nucleoprotein complex.

We consistently observe that mutations in Hha or point
mutations in the dimerization domain of H-NS result in sub-
stantial up-regulation of /1i/A transcription but have little effect
on H-NS occupancy at the same region in vivo when measured
by ChIP. The lack of profound H-NS depletion at target pro-
moters in the absence of Hha suggests that Hha is not required
for global H-NS DNA binding iz vivo. Our data instead point to
a model where significant changes in gene expression can be
directed by subtle changes in local H-NS occupancy or nucleoid
structure. This model is consistent with data regarding Salmo-
nella pagC gene expression, where it was observed that SIyA, a
transcriptional activator, could co-occupy the pagC promoter
region with H-NS during transcription (54). We propose that
Hha facilitates the formation of repressive protein-DNA com-
plexes with subtle features that cannot be detected by ChIP. It is
possible that productive silencing complexes involve multiple

MAY 10,2013 +VOLUME 288+-NUMBER 19

interactions between Hha, H-NS, and DNA and that disrupting
a single interaction is sufficient to abolish silencing without
affecting binding to DNA per se. Features that cannot be dis-
cerned by ChIP include whether H-NS forms either bridges or
filaments that have been detected by atomic force microscopy
but currently have not been assigned a functional relevance in
vivo (55—57). An alternative and not exclusive model is that Hha
could alter the oligomerization properties of H-NS. By binding
both H-NS monomers, Hha may provide additional stability to
the N-terminal H-NS dimer and increase H-NS self-associa-
tion. Such a model would explain why the in vitro DNA binding
assays performed with purified components found that Hha
can increase the ability of H-NS to bind DNA under a narrow
range of conditions. Finally, it is possible that the fact that Hha
facilitates H-NS binding in EMSAs does not point to the func-
tion of Hha in silencing and that Hha contributes to silencing in
other ways, perhaps by interacting with RNA polymerase.

The structure of the Hha/H-NS(1-46) complex presented in
this work confirms the anti-parallel arrangement of H-NS and
shows that each H-NS dimer provides two Hha binding sur-
faces. The 1:1 ratio of Hha to H-NS is in line with our observa-
tions following gel filtration chromatography and Coomassie
SDS-PAGE (data not shown). Our observations contradict a
previous fluorescence anisotropy study that derived a model
involving a 1:2 ratio of Hha to H-NS(1-64) (29). Although this
study was performed with the construct H-NS(1-64), a sepa-
rate report by the same group whereby Hha was titrated into
15N-labeled H-NS(1-46) also concluded that one molecule of
Hha associates with each H-NS dimer (30). We also find there
are no large scale structural conformation changes in either
Hha or H-NS(1-46) upon complex formation, which contrasts
with strong structural perturbations observed in the 'H-'°N
heteronuclear single quantum correlation spectra of Hha upon
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titration of H-NS(1-64) (29). The Hha residues whose signals
were most perturbed included surface-exposed residues as well
as hydrophobic residues deeply buried in the interfaces
between helices 1 and 3 and helices 2 and 3. In contrast, an
overlay of the Hha structure from our Hha/H-NS(1-46) com-
plex with the unbound solution structure revealed significant
overlap (r.m.s. deviation of 1.9 A) and the absence of any major
structural rearrangements.

More sensitive assays are required to discern the manner by
which Hha modifies the silencing activity of H-NS, such as sin-
gle molecule manipulations of DNA previously used to measure
H-NS-induced DNA bridging (58). Such experiments would
help address if the nucleoprotein structure at genes that require
Hha for silencing differs from the structures observed at genes,
such as proV, that are Hha-independent. Other outstanding
questions that merit investigation include determining the reg-
ulatory signals that control Hha/YdgT expression and investi-
gating the silencing properties of H-NS molecules from species,
such as Vibrio and Bordetella, that do not encode the Hha/
YdgT co-silencers.
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