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ABSTRACT. Cnu is a nucleoid protein that has a high degree of sequence homology with Hha/YmoA family
proteins, which bind to chromatin and regulate the expressioBscherichia colivirulence genes in
response to changes in temperature or ionic strength. Here, we determined its solution structure and dynamic
properties and mapped H-NS binding sites. Cnu consists of trkelices that are comparable with

those of Hha, but it has significant flexibility in the C-terminal region and lacks a shbelix present

in Hha. Upon increasing ionic strength, the helical structure of Cnu is destabilized, especially at the ends
of the helices. The dominant H-NS binding sites, located at helix 3 as in Hha, reveal a common structural
platform for H-NS binding. Our results may provide structural and dynamic bases for the similarity and
dissimilarity between Cnu and Hha functions.

The YdgT gene was identified by open reading frame (8). The YmoA from Yersinia enterocoliticashares 82%
(ORF) analysis of theEscherichia coligenome {) and sequence similarity with the Hha and is a temperature-
predicted to encode a 71-amino acid protein that sharesdependent repressor of thep virulence gene g, 10).
extensive sequence homology with members of the Hha/Mutations in both thehha and ymoA genes give rise to
YmoA family of transcriptional regulatory proteins (Figure alterations in plasmid DNA supercoilind.1—13), and the
1A). Hha has been shown to associate with the major two proteins are functionally interchangeakld)( Therefore,
nucleoid-associated protein H-Ng)ythe bacterial nucleoid it has been suggested that Hha and YmoA are members of
is an aggregated mass of DNA found in prokaryotic cells. a class of proteins that modulate bacterial gene expression,
Although the YdgT protein was also shown to bind to probably by affecting DNA topology.

nucleoid-binding proteins H-NS and Stp&)( no definite H-NS represses the expression of a variety of genes upon
cellular function has been assigned. Recently, Lim and co- changes in osmolarity or temperature of the growth medium
workers @) have found that YdgT as well as Hha forms a (15 16). DNA binding studies have shown that, in at least
complex with H-NS and binds toriC, the replication origin  jn vitro, Hha and H-NS together form a stable complex with
of E. coli, in an in vivo screening for novel proteins that pNA that differs from the protein DNA complexes formed
bind to the replication origin; they named YdgT as Cnu for wjith either protein alone2j. H-NS forms a concentration-
oriC-binding nucleoid-associated protein. In addition, Coomb- dependent, self-associated, high-order complex that binds
es and co-workers5( 6) have shown that YdgT and Hha preferentially to curved DNAX7, 18) and induces bends in
exert negative regulatory activity on pathogenicity island-2 noncurved DNA 19). The interaction between Hha and
(SPI-2) inSalmonellain the absence of activating environ-  H.NS does not require the presence of DNA and is impaired
mental signal. by high concentrations of KCK1 M) (2, 20). H-NS consists
Hha was initially identified inE. coli as a repressor of  of an N-terminal oligomerization domain and a C-terminal
a-hemolysin expression7). Synthesis of this toxin is  pNA binding domain that are separated by a long flexible
repressed under conditions of either high osmolarity or low jinker, which enables the C-terminal domain to move freely
temperature, and mutations in the hha gene lead to dereye|ative to the N-terminal domairi{, 21—23). Although it
pression of the hemolysin expression when cells are grownhas been reported that residues8d of H-NS are necessary
either at low temperature or in a medium of high osmolarity and sufficient for high-order oligomerization and a truncated
version of the N-terminal oligomerization domain (residues
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Initiative from the Ministry of Science and Technology of the Republic 1-57 or 1-64) forms a defined homodimeg4, 25), the

of Korea. precise oligomeric state of full-length or truncated H-NS has
¥ Coordinates described in this paper have been deposited in thenot been elucidated yet. Solution structures of the N-terminal
Protein Data Bank (PDB code: 2JQT). domains have revealed that the oligomerization domain
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Ficure 1: In vitro refolding. (A) Sequence alignment of Cnu, Hha, and YmoA. Residue numbering is based on Cnu. Identical sequences
are indicated by gray box. (B, GH—1N HSQC of (B) solubly expressed and (C) in vitro refolded Cnu. {B8)-1°N HSQC assignment

of Cnu. Horizontal lines are side-chain amino proton resonances. Unassigned peaks showed no sequential connectivity in 3-D
CBCA(CO)NH, 3-D HNCACB, or 3-D'*N-edited NOESY-HSQC. (E) Total and soluble fractions of intact Cnu overexpressed at 37 and
20°C.

compensate for each other in some cadesy. So, in order bases for the similarity and dissimilarity between Cnu and
to decipher the common structural features and possibleHha functions.
differences between Cnu and Hha, we characterized the
solution structure and dynamics of Cnu and the €HeNS MATERIALS AND METHODS
interaction by NMR spectroscopy. Cnu has thraehelices _ _ _
that have a conformation very similar to those of Hha, but ~ €loning and Expression of CnwA polymerase chain
it lacks the C-terminal short helix present in Hha due to high "€action- (PCR-) amplifie€©nu gene was inserted into the
flexibility. These helical structures were destabilized at Ndé/Xhd sites of pET-28a (Novagen) for intact Cnu or into
increased ionic strength, suggesting a possible mechanisnihe Ndé/BarmHl sites of pET-15b (Novagen) for Cnu
for the ionic strength sensitivity. In vitro binding assays and €arrying an N-terminal histidine tag (His-Cnu). Cloned
NMR relaxation measurements showed that the H-NS Vectors were transformed int. coli BL21(DES3) or BL21-
binding sites of Cnu include the flexible C-terminal region (PE3)pLYsS cells and grown at 37C in either Luria-
and they are mostly overlapped with H-NS binding sites of Bertani (LB) or M9 minimal medium containingNH,CI
Hha. The dominant H-NS binding sites, located at helix 3 (1 @/L) and**C-glucose (2 g/L)28). Overexpression of the
as in Hha, reveal a common structural platform for H-NS Cnu proteins was induced by 0.4 mM IPTG when cells
binding. Our results may provide structural and dynamic "eached an O&o of ~0.7. Cells were grown at 37C for
an additional 46 h.

1 Abbreviations: NMR, nuclear magnetic resonance; CD, circular I,n Vitro Refolding and Purification of H'S'Cn'Af'Fer Ce_"
dichroism; HSQC, heteronuclear single quantum correlation; hnNOE, lysis, the aggregated cell pellet was washed twice with 20
heteronuclear Overhauser effeRf;(=1/T>), transverse relaxation rate;  mM sodium phosphate (pH 7.3), 0.2 M NacCl, and 1% Triton

IPTG, isopropyl s-p-thiogalactoside; NTA, nitrilotriacetate; SDS, _ ; ; ;
sodium dodecyl sulfate; COSY, correlation spectroscopy; TOCSY, total X-100 and dissolved in 40 mM sodium phosphate (pH 7.3),

correlation spectroscopy: NOESY, nuclear Overhauser effect spectros-0-4 M NaCl, ad 6 M gu_anidine hydrochloride. _The
copy; EMSA, electrophoretic mobility shift assay. chemically denatured protein was loaded on a Ni-NTA
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column, which was pre-equilibrated with binding buffer [50
mM sodium phosphate buffer (pH 8, M urea, and 5 mM
imidazole]. After sample loading, the column was washed
with the binding buffer and washing buffer [50 mM sodium
phosphate buffer (pH 8.08 M urea, 20 mM imidazole, and
0.15 M NacCl]. The protein was refolded in the column by
rinsing the column with refolding buffer [50 mM sodium
phosphate buffer (pH 8.0), 1 M urea, 20 mM imidazole, 0.5
M NacCl, and 2 mM MgC{] and 50 mM sodium phosphate
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with Sparky 3.1 83). For structure calculations, distance
restraints were derived from NOE cross-peaks in ‘i
edited NOESY-HSQC an¥C-edited NOESY-HSQC spec-
tra, and dihedral angle restraints were obtained from chemical
shift analysis by use of TALOS3#). Initial structure
calculation which combined automated NOE cross-peak
assignment was achieved by CYANARY). The resulting
NOE assignment and distance restraints were manually
confirmed and used for further structure calculations by CNS

(pH 8.0) and 0.5 M NacCl. Refolded protein was then digested (36). In CNS calculation, an extended coil used for starting

by thrombin and eluted from the column by the binding
buffer. The refolded and digested Cnu was further purified
and exchanged to NMR buffer [20 mM sodium phosphate

structure was subjected to 15 ps of torsion angle dynamics
at 50 000 K, followed by 15 ps of torsion angle dynamics
cooling © 0 K and 15 ps of Cartesian dynamics cooling from

(pH 7.5)] by use of a Superdex 75 16/60 column (Amersham 2000 to 0 K. The final structures were generated after 2000

Biosciences). Tightly bound Mg was not found in the

cycles of energy minimization. The distance force constant

prepared Cnu samples as analyzed by the ICP-MS (induc-was 150 kcamol-A-2 and the dihedral angle force

tively coupled plasma mass spectrometry) at-5N
HSQC (Bruker 800 and 900 MHz spectrometers). Cnu

constant, which initially was 100, was scaled to 200
kcakmol~*-radiarr? during cooling. Twenty-three out of 100

concentration was determined by UV absorbance at 280 nmtrial structures were converged, and the 10 lowest energy

(1 mM = 12.2 ODQgdmL).

Expression and Purification of H-NShe H-NS expres-
sion plasmid, pHOP11, was transformed ilocoli BL21
cells. H-NS was purified according to the previously
described method2@, 30) with slight modifications. After
cell lysis, the supernatant was precipitated by 40% (w/v)

conformers were selected for final analysis. Coordinates are

deposited in the Protein Data Bank (PDB code: 2JQT).
Dynamics and Binding Site Mapping by NMRhe ['H]—

15N NOE (hnNOE) was measured Wia 3 ssaturation or a

3 s delay without saturation37). hnNOE values were

determined as the ratios of the peak intensities measured from

ammonium sulfate, dissolved in 50 mM sodium phosphate spectra acquired with and without saturation during repetition
(pH 7.0) and 1.0 M ammonium sulfate, and loaded onto a delay 38). 15N-labeled Cnu was titrated with unlabeled H-NS
phenyl-Sepharose FF column (Amersham Biosciences) equili-to Cnu:H-NS molar ratios from 1:0.01 to 1:14.5 in which
brated with the same buffer. Protein was eluted with 50 MM the Cnu concentration was-10-45 uM. The average

sodium phosphate (pH 7.0) and dialyzed against Mono-S chemical shift changeNda,g) combining'H and*N dimen-

binding buffer [10 mM sodium phosphate (pH 7.0)].

sions was calculated from an empirical equatioAdf(H)?

Dialyzed protein was loaded onto a Mono-S 10/10 column + 0.2(A5N)?]V2. 15N R, relaxation rates were measured at
(Amersham Biosciences) that had been equilibrated with ejght R, delays { = 10, 30, 50, 70, 90, 110, 150, and 230

Mono-S binding buffer and eluted with NaCl gradient.
Circular Dichroic SpectroscopyCD was measured at

ms). Peak intensitied)(were fitted to a single-exponential
decay function| = lge ®!. The repetition delay was 2 s.

room temperature on a Jasco J-720 spectropolarimeter. FarThe R, relaxation rates of Cnu in the presence and absence

UV wavelength scans were recorded from 350 to 200 nm,
with resolution of 0.2 nm, a speed of 50 nm/min, a response

of H-NS were measured at molar ratio 1:3 (Cnu:H-NS).

time of 2 s, and a bandwidth of 2 nm. Spectra were collected RESULTS

and averaged over 10 scans.

In Vitro Binding Assay with Ni-NTA Agarosé 50%
slurry of Ni-NTA agarose (10QL, Qiagen) was equilibrated
with 50 mM sodium phosphate (pH 8.0), 0.5 M NaCl, 5 mM
imidazole, and 0.1% Triton X-100. Cnu was mixed with
either H-NS(+57) or H-NS(+89) with an N-terminal
histidine tag, and the reaction mixture was incubated with
Ni-NTA agarose resin for 30 min atC. Unbound proteins

In Vitro Refolding.Intact and N-terminal histidine-tagged
Cnu (His-Cnu) formed insoluble aggregates when overex-
pressed (Figure 1E). However, they could be refolded in
vitro, with an average efficiency of 790%. Although His-
Cnu that was overexpressed in bacteria existed mostly in
the insoluble fraction,~5% of His-Cnu was found in the
soluble fraction (Figure 1E), and this soluble protein was

were removed from the resin by washing, and the bound Used to examine whether in vitro refolded Cnu has the same

proteins were then eluted with buffer containing 1.0 M

conformation as the inherently soluble Cnu. Th¢-HSQC

imidazole. Unbound, washed, and eluted fractions were Spectrum of inherently soluble Cnu prepared from a 2-L

analyzed on a 12% tricineSDS—polyacrylamide gel and
stained by Coomassie blue.

bacterial culture was compared with that of in vitro refolded
Cnu. All cross-peaks in thé>N-HSQC spectra of the

NMR Resonance Assignments and Structure Calculation.inherently soluble (Figure 1B) and in vitro refolded (Figure

All NMR experiments were carried out at 26 on a Varian
Unity Inova 600 MHz spectrometer. NMR samples contain-
ing 0.4-0.8 mM N- or 1N/'3C-labeled Cnu in 20 mM
sodium phosphate (pH 7.5), 90%,®Y10% DO were
prepared for 2-D™N HSQC and 3-D CBCA(CO)NH,
HNCACB, HNCO, HCCH-COSY, HCCHTOCSY, (H)-
CCH-TOCSY, HBHA(CO)NH,*3C-edited NOESY-HSQC
and**N-edited NOESY-HSQC experiment31). Acquired
spectra were processed with NMRPi&2)(and analyzed

1C) proteins completely match each other, indicating that
the in vitro refolded protein has the same conformation as
the inherently soluble counterpart.

NMR Resonance Assignmer@siu was stable for several
months at 25°C in 20 mM sodium phosphate (pH 7.5), as
monitored by NMR. Sequential assignmentstaf 13C, and
5N backbone resonances were achieved by using three-
dimensional (3-D) CBCA(CO)NH, 3-D HNCACSB. Intraresi-
due and sequential correlations between resonances of,HN(
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MTVQDYLLKFRKISSLESLEKLYDHLNYTLTDDQELINMY Table 1: Statistics for Cnu Structure Determination
danGi,i+1) — — —— -
da(Git1) - - no. of distance constraints 401
don(i+) - =-- - - intraresidue 147
NN (ii+2) — medium-range (& i-j| = 4) 196
da(ii+2) —_— —_ long-range [i-j| > 4) 28
dopy(ii+3) [ —_— _ hydrogen bonds 30
dopii+3) _ === —_— no. of dihedral angle constraints 96
Ao (ii+4) - - distance constraints violations 0.5 A) 0
dihedral angle constraints violations §°) 0
mean deviation from ideal covalent geometry
Y w . bond length (A) 0.00067
RAADHRRAELVSGGRLFDLGQVPKSVWHEYVQ bond angle (deg) 0.298
daNGitl) = - improper angle (deg) 0.09
P Ramachandran analysis
dﬂh(.'. 2 most favored regions (%) 87.4
e additional allowed regions (%) 11.9
dn(ii+2) N .

- - generously allowed regions (%) 0.8
faisd disallowed regions (%) 0.0
dapfix3) pairwise rmsd of residues-&2
dax i) backbone atoms (N, and C) (A) 0.82+ 0.12
Ficure 2: NOE connectivities. The thickness of lines reflects the all heavy atoms (A) 1.840.15

intensity of NOE. NMR experiments were carried out at Z5
with 0.4—0.8 mM 15N- or 13N/3C-labeled Cnu samples in 20 mM
sodium phosphate (pH 7.5), 90%®/10% D;O.

a Ramanchandran analysis was performed by using PROCHECK-
NMR (50).

N(i), and Gx(i)—Cp(i) or Ca(i — 1)—CpA(3{ — 1) in 3-D the linker between helices 2 and 3 (FR90, T29L26, Y28
HNCACB could be resolved with 3-D CBCA(CO)NH, which  T31, D32D33, D32Q34, and D32E35) that stabilize the
contains only sequential correlations. Carbonyl carbon linker.
resonances were assigned with 3-D HNCO and the side- C-Terminal Flexibility.To verify that the lack of helix 4
chainH and®3C resonances were assigned by 3-D HCCH- in Cnu structure is caused by flexibility of the C-terminal
COSY, HCCH-TOCSY, (H)CCH-TOCSY, HBHA(CO)NH, region, the {H]—!*N heteronuclear Overhauser effects
13C-edited NOESY-HSQC, antiN-edited NOESY-HSQC.  (hnNOE) were measured (Figure 3D). By use of this
All residues were sequentially assigned except for some technique, flexible regions such as surface-exposed loops are
C-terminal residues (V62, P63, and W6@71) (Figure 1D) readily distinguishable from the folded protein core since
which did not show sequential connectivities due to flex- the flexible or unfolded parts yield low or negative hnNOEs
ibility. The stretches of nonsequent@N(i, i + 3), aN(i, i (37). Most Cnu residues exhibited hnNOEs of around-0.8
+ 4), af(i, i + 3) and strong sequential NN NOE connec- 0.9, indicating rigidly folded structure. On the other hand,
tivities in the ®N-edited NOESY-HSQC and*C-edited the C-terminal residues had much lower hnNOEs{0.%),
NOESY-HSQC showed the presence of three helical seg-which shows that the C-terminal region is highly flexible
ments of Cnu (Figure 2). on a pico- to nanosecond time scale. In accordance with this
Solution StructureA total of 401 distance constraints and result, the'>N transverse relaxation rate®, of the C-
96 dihedral angle constraints obtained from NMR measure- terminal residues are more divergent and smalker{ 6—9
ments were used to calculate the solution structure by usings™) than in other parts of the molecul&(~ 9—-10 s)
CYANA (35 and CNS B86). Twenty-three out of 100  (Figure 3D). Therefore, the presence or absence of helix 4
extended starting structures were converged and the 10in Hha and Cnu is attributed to the differential dynamics of
lowest energy conformers were selected for final analysis the C-terminal region.
in which the pairwise root-mean-square deviation (rmsd) of  Destabilization of Helix Structure at Elated lonic
residues 652 for backbone atoms is 0.820.12 A and for Strength Since the homologous Hha/YmoA family proteins
all heavy atoms is 1.84 0.15 A (Table 1 and Figure 3A).  respond to changes of ionic strength, conformational change
Secondary structure analysis of the obtained structuresof Cnu in the presence of divalent metal ions was monitored
identified threea helices (Y6-K12, E17~T29, and D33~ by circular dichroism (CD) and NMR (Figure 4AC). In
V51) forming a bundle in which hydrophobic residues are the absence of metal ions (buffer), Cnu showed a typical
clustered at the interfaces between the helices (Figure 3B).CD profile of a helices. However, the absolute CD intensity
Especially, five repeated L(x)sL motifs in helix 2 (Figure in the far-UV (200-230 nm) region was dramatically
1A) make the inner face of the helix hydrophobic and the reduced in the presence of various divalent metal ions. Since
outer face of the helix hydrophilic, which should facilitate the far-UV region is very sensitive to the structural content
bundle formation. As expected from the high degree of of the a helix, S strand, and random coil, this data clearly
sequence similarity between Cnu and Hha, overall structureshows that-helical content of Cnu decreases at increased
of Cnu is similar to that of Hha such that the rmsd af C ionic strength in a metal-ion-dependent manner, according
atoms between helices-B of Cnu and Hha is 2.0 A (Figure  to the following order: C& > Zn?* > Mn2* > Mg?* >
3C). However, Cnu lacks a stable secondary structure Co*t > Ni?" > Cw?". Residues whos€N HSQC peaks were
following helix 3, while Hha has a short helix 4 that interacts substantially perturbed by addition of ®fgresided mostly
with the C-terminal end of helix 3. The highly conserved at the N- and/or C-terminal ends of the three helices (Q4,
R46 of Cnu forms a hydrogen bond with backbone carbonyl H25, Y28, T29, D32, Q34, H45, E49, G60, and K64) (Figure
groups of 113 and S14, which connect helices 1 and 2. In 4B—D). These residues are located at the molecular surface
addition, there are extensive network of polar contacts at and more exposed to solvent than any other regions of the
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Residue Number

Ficure 3: Structure and dynamics. (A) Stereoview showing best-fit superposition of backbone heavy atoms of residudhé atomic
coordinates have been deposited in the Protein Data Bank (PDB code 2JQTq. @di@s of hydrophobic residues shown as red spheres
on the coil representation of helices-3. (C) Structural comparison between helices3lof Cnu (cyan) and those of Hha (orange, PDB
code 1JW2). (D) H]—1N NOE and®*N R, relaxation rates of Cnu.

protein. Most of those residues are also involved in hydrogen performed a series of®™N-HSQC experiments in which
bonding or polar contacts in the determined structure. It hasunlabeled full-length H-NS was added iN-labeled Cnu
been known that specific patterns of hydrogen bonding and in molar ratios of 1:0.01 to 1:14.5 (Cnu:H-NS). Even at the
hydrophobic interactions (the so-called helix capping motifs) high molar ratios, chemical shift perturbations of Cnhu by
found at or near the ends afhelices stabilize helix structure  the addition of H-NS were not large enough to clearly
in proteins 89). Since the hydrogen bonds are more easily identify the binding sites Adaq <0.04 ppm) (data not
disrupted at high ionic strength, the response to ionic strengthshown). Therefore, to identify the H-NS binding sites in Cnu,
of Cnu and Hha/YmoA proteins might be understood by the we measured thé>N R, relaxation rates of Cnu in the
conformational changes following disruption of the stabiliz- presence and absence of H-NS becaus&thelaxation rates
ing hydrogen bonds or polar contacts at the ends of the of binding sites would increase by slower local tumbling or
helices in addition to the osmolarity-modulated gene expres- by chemical exchange between bound and free stds (
sion mechanism, which is supported by the finding that The R; ratio (R;[Chu + H-NS]/R;[Cnu alone]) showed that
increasing the osmolarity of LB medium had no significant theR; rates of Q4, L8-F10, 113, E17, L19, N27, E35, L36,
effect on the Hha gene expression whereas depletion of NaCIM39—H45, L56, L59, K64, and V66 are significantly
led to a significant decrease of gene expressid). ( increased by H-NS binding (Figure 5A,B). Interestingly,
Interaction with H-NSHha binds tightly to H-NS invitro ~ these H-NS binding regions are partly overlapped with the
(20), and it was recently confirmed that Cnu also binds to regions whose chemical shifts are perturbed by addition of
H-NS and its paralogue StpA in vitr®), To characterize ~ Mg?*, suggesting that H-NS binding might modulate Cnu’s
the interaction between Cnu and H-NS in detail, we sensitivity to ionic strength. In addition, most of these
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Ficure 4: Destabilization of helices at increased ionic strength. (A) CD spectra in the presence and absence of metal ip@n aCl
MnCl,, MgCl,, CoCh, NaCl, NiSQ, and CuSQ were added to Cnu (3@M) in 10 mM sodium phosphate (pH 8.0) buffer. All salt
concentrations were 1 mM except for NaCl (100 mM). The ionic strength of NiCQCuSQ is %3 that of other chloride salts when
complete ionization is assumed. (B) Chemical shift changes in the presence and absenge &fiM¥N HSQC spectra were measured

at 25°C with about 0.4 mMN-labeled Cnu samples in 20 mM sodium phosphate (pH 7.5), 99@&/10% DO in the presence and
absence of 16 mM MgGl The average chemical shift chang®d) combining!H and*N dimensions was calculated from an empirical
equation, [A6H)? + 0.2(A0'°N)3¥2. (C) A H—15N HSQC region highlighting H25, D32, Q34, and H45 whose chemical shifts are
significantly changed by Mg. Peak contour lines are colored in black and red for the absence and presencg pfddgectively. (D)
Residues showing the most significant chemical shift changes By kg depicted as red spheres on the ribbon representation of the Cnu
structure.

residues are well overlapped with the Hha residues whosevitro (Figure 5C,D), even under high-salt conditions (0.5 M
NMR peaks were broadened by binding to H-NSEY) NacCl), suggesting that the H-NS(57) is sufficient for Cnu
(residues in helices 1, 3, and 4 of HhdR). The stretches  binding. In addition, gel-filtration chromatography experi-
of conserved residues among Cnu and Hha/YmoA family ments show that H-NS{57) and Cnu form a 2:1 complex
proteins including the most conserved sequence, [R/S]-(Table 2), which is consistent with the fluorescence anisot-
AADHR (residues 4146 of Cnu), are clustered in helix 3  ropy results obtained for the Hhdd-NS(1-64) complex
(Figure 1A) and broadened by H-NS binding in both Cnu (42). However, chemical shift perturbations ¥N-labeled
and Hha 42) to a greater extent than other residues, revealing H-NS(1—-57) in the presence and absence of unlabeled Cnu
a common structural platform for H-NS binding. were too small to identify the Cnu binding sites of H-NS-

The oligomerization domain of H-NS {364), which forms ~ (1—57) (data not shown), which is probably caused by
a homodimer 24), was shown to interact with Hha by dominant H-NS(+57)/H-NS(}-57) interactions.
fluorescence anisotropy and NMRZj, and full-length H-NS
was shown to bind Cnu3j. Herein, we used Ni-NTA DISCUSSION
agarose-based in vitro binding assays to examine whether In general, bacterial transcriptional repressors block RNA
two versions of N-terminal domains of H-NS«57 and polymerase’s access to the gene promoter either by physically
1—-89) bind to Cnu. Both H-NS constructs bound to Cnu in occupying that promoter site or by altering local DNA
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topology. Hha/YmoA proteins participate in the transcrip-

tional repression of virulence genes in response to environ-

Biochemistry, Vol. 47, No. 7, 2008.999

Table 2: Gel-Filtration Chromatography of the Cnu/H-NSET)
Complex

protein elution time (min)  molecular mass (kDa)
Cnw 90.82 7.6(8.P
cytochromec 82.68 12.4
CntP + His-H-NS;_s 69.83 27.7 (26.3¢
carbonic anhydrase 69.77 29
ovalbumin 61.44 45
bovine serum albumin 55.80 66

a2 A Superdex 75 16/60 column (Amersham Biosciences) was run
with 20 mM sodium phosphate (pH 7.3) and 200 mM NaCl at a flow
rate of 1 mL/min." Cnu was prepared by thrombin digestion of
His-Cnu and contains an additional B¥&SHM- sequencé.For Cnu
and His-H-NS(%+57) + Cnu, the hydrodynamic molecular mass is
shown with the predicted molecular mass in parenthésdis-H-NS
contains an additional NHGSSHHHHHHSSGLVPRGSHM- sequence.
¢ The molecular mass was predicted for a 2:1 complex of His-H-NS
and Cnu.

complex differs from the DNA-protein complexes formed
with Hha or H-NS alone, although Hha does not appear to
enhance the DNA binding affinity or specificity of H-NS
).

In contrast to Hha, which has a dissociation constig (
in the micromolar range for DNAZ), Cnu alone does not
appear to bind DNA, as was observed in our EMSA and
NMR experiments (data not shown). At best, Cnu might have
aKy in the high millimolar range for DNA, which is outside
our detection limit and would be irrelevant to the actual
biological system. Nevertheless, Cnhu showed highly sequence-
specific DNA binding in in vivo assays, such that a single
nucleotide mutation in the Cnu binding siteriC) could
disrupt Cnu-oriC association4). These findings strongly
imply that theoriC binding activity of Cnu is dependent on
complex formation with H-NS, although an unknown
specificity factor cannot be excluded. In addition to the Cnu
and Hha/YmoA proteins, H-NS interacts with many other
proteins, including the gene 5.5 product of bacteriophage
T7 (43), the RNA binding protein HF-144), the H-NS
analogue StpA45), and the flagellar rotor protein FIiGL6).
However, the nature of the interaction between these proteins
and H-NS has not been characterized at the molecular level,
partly because H-NS undergoes a high degree of self-
oligomerization. H-NS alone forms a concentration-depend-
ent oligomer through its N-terminal oligomerization domain
and interdomain linker. It has been shown in one study that
the minimal oligomeric state of H-NS is a dimer and the
higher oligomers are nonspecific aggregag).(However,
another recent report argues that a tetramer is the minimum
functional form of H-NS in vivo 47). On the basis of
sequence homology between Cnu, Hha/YmoA, and the
N-terminal region of H-NS Z0), it has been proposed that
the H-NS residues involved in the H-NS dimer interface can
be replaced with a new binding partner, either Cnu or a Hha/
YmoA protein @8). This domain swapping would generate
a complex where the homologous residues within Cnu or
Hha/YmoA locate at the interface with H-NS. However, in
our gel-filtration chromatography experiments, the H-NS

mental changes like temperature and osmolarity. Hha bindsdimer was not disrupted in vitro, even in the presence of

to its regulatory site in the hemolysin gene operblyl(),
but its affinity and specificity for this site are even weaker
than those of H-NS for nonspecific binding to this sig. (
So, it is intriguing that Hha must bind to H-NS in order to
form a ternary complex with thalyM DNA. This ternary

excess amounts of Cnu (data not shown). This observation
suggests that (i) the affinity between two H-NS molecules
is much stronger than the affinity between H-NS and Cnu,
and thus (ii) the H-NSCnu complex consists of at least
two molecules of H-NS, which is consistent with the gel-
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filtration chromatography data for the Cnu-H-NS@#7) 5
complex (Table 2) and fluorescence anisotropy data for the
Hha-H-NS(1-64) complex 42).

The overall structures of Cnu and Hha are very similar
except for the C-terminal region. In accordance with this
structural similarity, H-NS binding sites of these two proteins
are also similar. Interestingly, the C-terminal residues of Cnu,
which are very flexible and do not form a stable helix, are
also engaged in H-NS binding (Figure 5A), while the same
residues in Hha, which are involved in H-NS binding, form
a stable short helix 42, 49). So, a particular three-
dimensional structure of the C-terminal region may not be
necessary for H-NS binding, or the C-terminal region might
have different H-NS binding modes in Cnu and Hha. For a
1:1 complex with H-NS at 28C, Hha showed severe line
broadening of all peaks due to chemical exchange in the
intermediate time regime4). Under the same conditions,

Cnu also displayed some line broadenings upon H-NS 11.

binding that were detected by the increas®gpffFigure 5A);
however, these line broadenings are much less severe and
not observed for all residues. These different NMR charac-

teristics between Cnu and Hha could be understood by the 12.

differential time scale underlying the association and dis-
sociation with H-NS. HhaH-NS interaction appears to occur
on the intermediate NMR time scale, while CAd-NS

interaction occurs on the faster NMR time scale. The 13.

different flexibility and structure of the C-terminal region,
if not exclusively, may provide unique H-NS binding kinetics
for Cnu and Hha so that under certain conditions they might
differentially respond to environmental factors such as protein
concentration, ionic strength, and temperature. In addition,

as observed in the CD and NMR experiments in the presence 15,

of various divalent metal ions, the highly charged DNA might
locally destabilize the Cnu structure and modulate the H-NS
binding kinetics when a ternary complex is formed.
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