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protein is highly conserved among enteric bacteria but
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The DNA-binding protein H-NS compacts DNA and
cts as a specific transcription factor regulating the
xpression of various bacterial genes. The small abun-
ant protein binds to curved DNA without apparent
equence specificity and the exact nature of its DNA
nteraction is still unknown. H-NS lacks any common
NA-binding or oligomerization motif and except for a
-terminal fragment of the protein no high resolution
tructural information is available today. Since the
omplete structure of H-NS is of considerable interest
or understanding its versatile regulatory features,
nd in lack of high-resolution data for the complete
olecule, we have combined circular dichroism (CD)

nd fluorescence measurements to collect secondary-
nd higher-order structural information on H-NS.
omparison of CD analyses of wild type H-NS and

unctional defective mutants allowed assigning sec-
ndary structure elements to the N-terminal oligomer-
zation domain of the protein. Moreover, according to
uorescence energy-transfer data we calculate a 45 Å
istance between the DNA-binding and the oligomer-

zation domain of H-NS. © 2001 Academic Press

Key Words: H-NS; H-NS mutants; secondary struc-
ure; circular dichroism; fluorescence energy-transfer.

The Escherichia coli protein H-NS is a small (136
mino acids, 15.6 kDa) abundant compound of the bac-
erial nucleoid which is of particular interest for its
entral role in modulating the expression of many en-
ironmentally regulated genes (1). It belongs to the
amily of bacterial DNA-binding proteins and is known
o interact specifically with intrinsically curved DNA
n a fairly sequence-independent manner (2, 3). The

1 Present address: Center for Molecular Genetics, University of
alifornia at San Diego, 9500 Gilman Drive, La Jolla, California
2093-0634.

2 To whom correspondence should be addressed. Fax: 49 211 811
167. E-mail: R.Wagner@mail.rz.uni-duesseldorf.de.
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rom the primary sequence there is no convincing sim-
larity to any other DNA-binding protein and no se-
uence motif characteristic for DNA binding is evident.
lthough specific H-NS/DNA complexes have been an-
lyzed by footprinting and fluorescence studies which
evealed two modes of DNA recognition, the exact na-
ure of the H-NS/DNA interaction is still unknown. It
s also not entirely clear whether H-NS binds to the
mall or large groove of helical DNA (4–6). H-NS has
een shown to function as a global control element in
acterial gene expression acting on the levels of tran-
cription as well as translation. While for many genes
-NS acts as transcriptional repressor for some genes

t can also have activator function (7, 8). Due to its
eculiar DNA binding properties the mechanism by
hich H-NS influences transcription is prone to be
istinct from other typical transcription factors (9).
he protein has been postulated to interact with the
NA in an oligomeric form since it has been shown to
ndergo self-association (6) which affects its DNA
inding behavior and ability to induce DNA bending.
he molecular mechanism of H-NS oligomerization is
till undiscovered and various studies report that
-NS may exist as a dimer, tetramer or small oligomer

n solution and may even aggregate to higher multim-
rs, depending on the conditions and type of analysis
10–12). It is probably this tendency which has so far
ampered a detailed structural analysis for the com-
lete molecule. Only a 47-amino acid C-terminal frag-
ent (position 90 to 136) has been studied by NMR

pectroscopy. This fragment apparently encompasses
he DNA-binding domain and consists of an antiparal-
el b-sheet, an a-helix and a 310-helix which form a
ydrophobic core (13). Biochemical studies and studies
ith protein mutants indicate that the protein very

ikely has a modular structure with a DNA-binding
omain located in the C-terminal half and an oligomer-
zation and regulatory domain in the center and the
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



N-terminal half of the protein (11, 12, 14). However,
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ecent work has also suggested that mutations in the
-terminal region may affect the oligomeric state of the
rotein (6). Hence, except several secondary structure
redictions a complete picture of the overall H-NS
tructure and its functional domains is still not at
and. In lack of any available high resolution struc-
ural information for the complete molecule we have
ttempted in this study to gain more complete second-
ry and higher order structural data by CD and fluo-
escence spectroscopic methods. Here, we perform CD
easurements of H-NS and mutants thereof and as-

ign specific secondary structural elements to the
-terminal half of the protein. Moreover, utilizing flu-

rescence energy-transfer techniques, we calculate a
elatively high spacial distance between the two major
unctional domains consistent with the view that they
xist as separate domains which may function inde-
endently within the context of the full-length protein.

ATERIALS AND METHODS

Protein purification. Wild type H-NS was purified from station-
ry MRE600 cells (15). The cells were disrupted by grinding with
luminum oxide (Alcoa) and the lysate was used to prepare a
ibosome-free supernatant as described before (16). After high-speed
entrifugation the supernatant was further purified by a fraction-
ted ammonium sulphate precipitation (30–60%) followed by chro-
atography on P11 phosphocellulose (Whatman). Proteins were

luted with a linear salt gradient (0.05–1.5 M KCl) in PG-buffer (50
M Na-phosphate, pH 7.4, 50 mM KCl, 10 mM b-mercaptoethanol,

0 mM EGTA, 10% glycerol, 23 mg/ml PMSF). Further purification
as achieved after heparin sepharose 6B (Sigma) chromatography
sing a linear salt gradient (0.05–1.5 M KCl) in PG buffer. After
ooling and concentrating the H-NS containing fractions using ul-
rafiltration tubes (Amicon), remaining contaminants were removed
y a final FPLC gelfiltration step (TSK Biosep-SEC-S400, Phenome-
ex). The FPLC fractions were routinely tested for purity and specific
NA binding activity on SDS–PAGE and gel retardation assays
sing a specific rrnB P1 promoter fragment, respectively.
H-NS(R12C) was expressed from plasmid pHM12 transformed

nto the OmpT-deficient E. coli strain CU288 (both kindly provided
y T. Mizuno, Nagoya University, Japan) after induction with 1 mM
PTG. After 15 h at 37°C cells were sedimented, then resuspended in
xtraction buffer (20 mM Tris–HCl, pH 7.5, 100 mM NH4Cl, 10 mM
g-acetate, 10 mM b-mercaptoethanol) and lysed in a french pres-

ure cell. The subsequent H-NS(R12C) purification was done as
escribed above, with the exception that all buffers contained addi-
ional protease inhibitors (1 mM pepstatin, 1 mM leupeptin, and 0.2
M PMSF) and the pH during P11 chromatography was lowered

o 6.5.
H-NS(R54C) was expressed from HM40 cells (CU241 hns40

R54C) zch-506::Tn10; kindly provided by T. Mizuno). Fifty to sixty
rams of stationary cells were accumulated, then resuspended in
xtraction buffer and lysed in a french pressure cell. The subsequent
-NS(R54C) purification was carried out as described for the wild

ype protein, with the exception that all buffers contained additional
rotease inhibitors (1 mM pepstatin, 1 mM leupeptin and 0.2 mM
MSF, 4 mM benzamidine hydrochloride) and the pH during P11
hromatography was lowered to 6.5. In designation of the amino acid
utants we followed the published nomenclature (14). Note, how-

ver, that the actual sequence positions deviate by 1.

Circular dichroism spectroscopy. CD spectra of H-NS were mea-
ured using a Jasco J-715 spectropolarimeter calibrated with ammo-
220
ut in a wavelength range between 185 and 260 nm in a cell with a
ath length of 0.1 cm (volume 200 ml) at 25°C unless otherwise
tated. The spectra are the average of two or three independent
easurements of each five scans recorded in 1 nm increments at a

can speed of 10 nm/min, 1 nm band width, 20 mdeg sensitivity, and
1 s time constant. Prior to all measurements, proteins were exten-

ively dialyzed against 10 mM Na-phosphate, pH 7.2, 1 mM DTT,
nd then analyzed at final concentrations between 60–140 mg/ml
4–9 mM).

For the temperature dependent measurements a thermostat-
ontrolled waterbath (heating/cooling capacity 1.5°C/min) was con-
ected to the cell and equilibration of the cell volume to the desired
emperature was ensured by a 15 min incubation between each step
efore reading the spectra was resumed.

CD data analysis. Secondary structure composition of H-NS was
nalyzed from its CD spectra by two methods: (1) The Singular-
alue-Decomposition (SVD), which determines the fraction of resi-
ues in a-helical, b-sheet, b-turn, and unordered conformations in
he protein under investigation using CD data of proteins with
nown secondary structures. For that purpose, we utilized the Di-
roPlot V 2.4 software, which offers a Variable Selection variant of
he SVD (17). (2) The CD Spectra Deconvolution (CDNN) method,
hich compares patterns in secondary structure elements of proteins
ith known structure and identifies correlations in the obtained CD
ata (18, 19).

Fluorescence studies. Fluorescence measurements were per-
ormed in an SLM 800 photon-counting spectrofluorometer with a
eneon arc lamp. All spectral measurements were carried out at
1°C. The excitation and emission slit width were 8 and 4 nm,
espectively. The absorption of the sample was kept low to avoid
nner-filter quenching.

Fluorescence labelling of H-NS. The thiol-specific fluorescence
arker N-(1-pyrenyl)maleimide (Sigma) was used as fluorescence

cceptor. It was coupled to the unique cysteine at position 20 of H-NS
Cys20) according to published procedures (20). The reaction was
erformed for 4 h at 4°C in the dark and the progress was monitored
pectroscopically using the molar extinction coefficients for H-NS
e278 5 0.89 1 g21 cm21) and pyrene (e340 5 2.2 3 104 M21 cm21). Excess
eagent was quenched with a 10 fold molar excess of glutathione for
h at 4°C and H-NS was separated from reactants by micro dialysis.
he efficiency of the coupling reaction was between 0.8 to 1.0 mol of
yrene per mol H-NS. The fluorescence labeled H-NS derivative is
esignated H-NSPM.

Measurement of the distance between donor and acceptor by För-
ter’s theory. The internal singular tryptophane of H-NS (Trp108)
as used as fluorescence donor. According to Förster’s theory (21),

he dipole–dipole energy-transfer efficiency T between a donor and
cceptor molecule is related to the distance r by

r 5 R0~~1/T! 2 1! 1/6 [1]

r

T 5 r 26/~r 26 1 R 0
26!. [2]

can also be expressed as

T 5 1 2 ~Q/Q0! [3]

ith Q and Q 0 as quantum yields of donor in the presence and
bsence of acceptor, respectively.
R 0, representing the distance (angstroms) at which the transfer

fficiency equals 50% is given by
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R0 5 9.79 3 10 3@~ J!Q z ~n 24!~k! 2# 1/6, [4]

here n is the refractive index of the medium between donor and
cceptor (taken as 1.4). (k)2 represents the orientation factor of both
onor and acceptor which is taken as 2/3 (22, 23). J is the spectral
verlap integral between the emission spectrum of the donor and the
bsorption spectrum of the acceptor. It is given by

J~M21 cm3! 5
* Fd~l!ea~l!l 4dl

* Fd~l!dl
, [5]

here F d(l) and ea(l) are the relative fluorescence intensity (%) of
he donor and the molar extinction coefficient (M21 cm21) of the
cceptor, respectively. l is the wavelength at nanometer interval, dl.
The spectral overlap integral J 5 1.839 10214 M21 cm3 was

alculated according to [5]. The quantum yield, QS, of a sample was
etermined by comparison with a reference sample (photon counter)
s described (24)

QS 5
QR~1 2 10 AR!~area!Sn R

2

~area!R~1 2 10 2AS!nS
, [6]

here n is the refractive index of the solvent, A the absorption of the
ample and area the integral of the respective fluorescence intensi-
ies between 300 and 400 nm. S and R refer to the sample and the
eference, respectively. 1-anilino-8-naphthalene sulfonate (ANS)
ith known quantum yields in ethanol and methanol was used as

eference (25) and the validity of the measurement was checked by
omparison of the quantum yields.

ESULTS AND DISCUSSION

D Spectrum of H-NS

Despite intensive effort structural data (i.e., from
-ray diffraction) on the H-NS protein is still incom-

FIG. 1. CD spectrum of H-NS in 10 mM Na-phosphate, pH 7.2, 10
easurements with protein concentrations between 4 and 9 mM. The
inima at 208 (Q 5 221960) and 220 nm (Q 5 218137; see also Ta
221
lete, although NMR studies on several isolated
-terminal portions of H-NS have been conducted re-
ently (13, 26). Thus, except several computational sec-
ndary structure predictions, e.g. (27), a thorough pic-
ure of the overall protein structure of H-NS remains
lusive up to date. This is very unfortunate since the
rimary amino acid sequence of H-NS exhibits neither
nown oligomerization nor DNA binding motifs, both
eing important with regard to the unusual and inter-
sting specificity of H-NS for AT-rich, curved DNA
equences and the ability to bend the bound DNA (28).
ere, we perform CD spectroscopy of H-NS and mu-

ants thereof with functional defects in order to explore
he structural organization of H-NS and assign specific
unctions to its structural domains.

First, we assayed the CD spectroscopic properties of
he wild type H-NS protein to obtain a reliable predic-
ion on the overall structural composition of H-NS. For
his purpose, we used 4–9 mM fractions of FPLC-
urified protein to compose the CD spectrum from 185
o 260 nm according to the procedures described under
aterials and Methods. Figure 1 shows the resulting
D spectrum of H-NS, exhibiting a strong maximum at
92 nm and two minima at 208 and 220 nm, respec-
ively (see also Table 1). Since a strong positive band
ear 190 nm and two negative bands near 208 and 222
m are considered to be characteristic for a-helical
tructures (29), the shape of the obtained spectrum
learly indicates a high content of a-helical structures
ithin the H-NS protein. For a detailed calculation of

he structural composition of H-NS, we took advantage
f two different procedures to calculate the secondary

DTT at 25°C. The graph represents the mean of three independent
ectrum has a maximum at 192 nm (molar ellipticity Q 5 40507) and

1).
mM
sp
ble
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tructure content based on the obtained spectroscopic
ata. The first method is a Singular-Value-Decompo-
ition (SVD) estimate using CD data of proteins with
nown secondary structures to calculate the fraction of
esidues in a-helical, b-sheet, b-turn, and unordered
onformations in the protein under investigation. For
his purpose the DicroPlot V 2.4 software was em-
loyed (17). The second method computes the struc-
ural content of a protein using the CD Spectra Decon-
olution software (CDNN), which identifies patterns
nd correlations in the obtained CD data (18, 19).
Both approaches, though to a different extent, cor-

oborate the interpretation inferred from the spectrum
uch that the H-NS protein predominantly consists of
-helical structures (47–57%), whereas only 8–14%
ontain b-sheets, 14–15% are turns and another 21–
4% are random structures (Table 2, a and b). These
umbers are also in good correspondence to recent CD
easurements of an N-terminal part of H-NS purified

rom Salmonella typhimurium (11) and several second-
ry structure predictions, which augur the approxi-
ately first 65 N-terminal amino acids and a C-termi-
al region of the 136 amino acid protein to be predom-

nantly of a-helical structure (data not shown).

D Spectra of Mutant H-NS Proteins

Next we attempted to assign certain structural ele-
ents to specific functions. To this aim we examined

ossible changes of the overall structural composition
f H-NS resulting from specific amino acid substitu-
ions, which render the protein inactive. We focused on
he less characterized N-terminal half of the protein
nd measured the CD spectra of the two mutant pro-
eins H-NS(R12C) and H-NS(R54C). Both these muta-
ions have been shown to affect the activity of H-NS as

transcriptional regulator, H-NS(R12C) being defi-
ient in transcriptional repression and H-NS(R54C)
ailing in correct oligomerization (14). As shown in Fig.
, H-NS(R12C) yields a CD spectrum that is almost
dentical to that of the wild type protein, demonstrat-
ng that no major changes in the overall protein struc-

Properties of the CD Spectra of H-NS, H-NS(R12C),
and H-NS(R54C)

Protein max/Q min I/Q min II/Q ip

-NS 192/40507 208/221960 220/218137 200–201
-NS (R12C) 192/40442 208/222456 220/218849 200–201
-NSY (R54C) 193/25330 209/213238 222/211802 201–202

Note. The table summarizes the maxima (max) and minima (min I
nd min II) of the CD spectra and the respective molar ellipticities
Q) at these wavelengths. The positions of the isodicroitic points (ip)
re also indicated. Note that the precision of the values is limited by
he increments (1 nm) at which the scans have been recorded.
222
eine. However, the second H-NS mutant analyzed,
-NS(R54C), exhibits clearly different spectroscopic
roperties. Its bands peak with significantly lower
agnitudes and are slightly shifted towards higher
avelengths (see also Table 1), indicating drastic

hanges in the structural composition (i.e., a-helical
ontent) of H-NS due to the substitution of arginine 54
ith a cysteine residue. The subsequent analysis of the
btained CD data confirms these observations such
hat the calculated distribution of secondary structures
n H-NS(R12C) is almost identical to that of the wild
ype protein, while H-NS(R54C) contains significantly
ess a-helical residues (31–36% vs 47–57% in the wild
ype) and a higher amount of unordered, random struc-
ures (Table 2).

Taken together, these results imply that the ana-
yzed amino acid substitution at residue 12 does not
ffect the structural integrity of H-NS, whereas the
ubstitution at residue 54 impairs the ability to acquire
he wild type structure by interfering with the forma-
ion of a a-helical element in the N-terminal domain of
-NS. This notion is supported by various secondary

tructure predictions which augur arginine 54 with
igh probabilities to be part of an a-helical structure
not shown). Since H-NS(R54C) has already been
hown to be deficient in oligomerization (14), it is con-
eivable to assume that this a-helical element is inte-
ral to the protein–protein association of H-NS.

TABLE 2

CD Data Analysis to Determine the Secondary Structure
Composition of H-NS, H-NS(R12C), and H-NS(R54C)

Protein

Secondary structure content [%]

a pb ab t rc

a

-NS 46.7 10.0 4.7 14.7 24.0
-NS (R12C) 47.4 9.2 6.2 13.0 23.6
-NS (R54C) 31.5 14.5 4.5 19.0 30.0

b

-NS 57.3 3.2 5.3 14.8 21.3
-NS (R12C) 60.0 2.4 5.3 14.3 20.3
-NS (R54C) 35.8 9.9 6.3 17.5 29.6

Note. The data were obtained from the spectra shown in Fig. 2.
ndicated are the fractions of residues in a-helical (a), parallel
-sheet (pb), antiparallel b-sheet (ab), turn (t), and random coil (rc)
onformation in percent for every investigated protein. (a) Results
fter calculation by Singular-Value-Decomposition (SVD) utilizing
icroPlot V 2.4 (17). (b) Summary of the CD Spectra Deconvolution

CDNN) end results. The table shows the averaged results of cal-
ulations at various wavelength ranges (190/195/200/210–260 nm)
18, 19).
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emperature-Dependent CD Measurements

For a more detailed analysis on the structural effects
f the amino acid mutations we performed tempera-
ure-dependent CD measurements. For that purpose,
e monitored the CD spectra of wild type H-NS and

he two mutant proteins during thermal denaturation
nd renaturation. A stepwise increase of the tempera-
ure from 24 to 64°C allowed us to follow the unfolding
rocess of the three proteins, while the subsequent
ncremental decrease of the temperature monitored
he refolding of the proteins.

As shown in Fig. 3a, partial thermal denaturation of
ild type H-NS is accompanied by clear changes in the
olar ellipticities at 192, 208, and 220 nm, indicating

he unfolding of the structural components responsible
or these bands. Additionally, this notable increase of
nordered structures at 64°C is denoted by shifts in the
aximum, minima and isodicroitic point. This is ex-

ected, since unordered structures characteristically
ield strong negative bands near 200 nm and a much
eaker (generally positive) band at higher wave-

engths (29). Therefore, the striking decrease of the
aximum at 192 nm and the increase of the molar

llipticities between 200–220 nm are consistent with a
ugmentation of unordered structures during thermal
enaturation of H-NS. The spectra taken during rena-
uration (Fig. 3b) reveal that the observed denatur-
tion is roughly reversible, however, the original prop-
rties of the protein are not entirely restored after the
enaturing/renaturing process.

FIG. 2. CD spectra of H-NS, H-NS(R12C), and H-NS(R54C) in 10
he mean of three independent measurements for each protein with
pectroscopic properties almost identical to wild type H-NS with a m
nd 220 nm (Q 5 218849), respectively. H-NS(R54C) displays signifi
nd minima at 209 nm (Q 5 213238) and 222 nm (Q 5 211802), re
223
CD measurements have been widely used to follow
he equilibrium between helical structures and unor-
ered conformations. Proteins undergoing helix–coil
ransitions in response to changes in temperature, pH
r ionic strength typically exhibit an isodicroitic point
ear 203 nm (30). In these cases, the molar ellipticity
t 220 nm is commonly measured in order to monitor
he transition of a-helical to unordered structures,
ince both helical and unordered conformations exhibit
haracteristic signals at this wavelength. Therefore,
e analyzed the amplitude of the CD signal of wild

ype H-NS at 220 nm as a function of the temperature
Fig. 4). The sigmoidal shape of the resulting denatur-
tion curve indicates a monophasic helix–coil transi-
ion of the protein within the analyzed temperature
ange, suggesting the absence of stable intermediates
nd allowing calculation of a regression and a Tm value
or this transition (40.81°C).

Based on these data, the following experiment was
onducted to relate the helix–coil transitions of the
utant proteins to the wild type protein. We measured

he changes of the molar ellipticity at 220 nm within
he same temperature range for the two protein mu-
ants and compared them to the wild type protein. As
hown in Fig. 5, the resulting denaturation curves for
he mutant proteins H-NS(R12C) and H-NS(R54C) im-
ly monophasic helix–coil transitions similar to wild
ype H-NS. However, H-NS(R54C) displays notable
uantitative differences. Its denaturation curve is
hifted to higher molar ellipticities and exhibits a

Na-phosphate, pH 7.2, 10 mM DTT at 25°C. The graphs represent
tein concentrations between 4 and 9 mM. H-NS(R12C) exhibits CD
mum at 192 nm (Q 5 40442) and minima at 208 nm (Q 5 222456)
tly different characteristics with a maximum at 193 nm (Q 5 25330)
ctively (see also Table 1).
mM
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uch lesser slope and a higher Tm (47.30°C) compared
o wild type H-NS. These data prove that the amino
cid substitution at position 12 evidently does not alter
he distribution of the structural elements (see above)
nd the helix–coil transition mode of H-NS, whereas
he substitution of arginine 54 leads to a significantly
ifferent helix–coil transition behavior of the protein
ue to a variation in the structural composition (i.e.,
oss of a-helical elements). Together with the results
hown above it is reasoning to conclude that the argi-

FIG. 3. Temperature-dependent CD measurements of H-NS. (a) T
4°C, the cell temperature was increased stepwise by increments
emperature. The respective CD spectra are summarized in the gr
indow. (b) Thermal renaturation of H-NS. Renaturing of the protei

ncrements, ending at 24°C. A spectrum was recorded at each tempe
ccording temperatures are indicated in the upper right window.
ownshift series is indicated as “native.”
224
ine substitution at position 54 impedes the formation
f a stable a-helical structure and renders this region
nordered within H-NS(R54C). The lesser slope of the
elix–coil transition in this case can be explained by
he fact that the stable helical structure, which tran-
itions to an unordered form during thermal denatur-
tion in the wild type protein and H-NS(R12C), is
lready randomly coiled in H-NS(R54C) due to the
estabilizing effect of the arginine 54 substitution.
his is confirmed by the data shown above affirming a

rmal denaturation of H-NS followed by CD spectroscopy. Starting at
8°C, ending at 64°C, and a CD spectrum was recorded at each

hics, the according temperatures are indicated in the upper right
as monitored during a stepwise decrease of the temperature by 8°C
ure. The resulting CD spectra are summarized in the graphics, the

CD spectrum recorded at the beginning of temperature upshift/
he
of
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igher amount of unordered elements in this protein.
urthermore, the higher Tm of the helix–coil transition
f H-NS(R54C) indicates that the structures involved
re different from those assessed for the wild type
rotein and H-NS(R12C) at a lower Tm.
Altogether, these results are in good agreement with

revious secondary structure predictions and CD data
n the N-terminal half (residues 1–64) of H-NS (11),
onfirming that this segment contains helical struc-
ures with crucial functional importance. Cross-linking
xperiments with H-NS(1–64) indicate that this frag-
ent encompasses a dimerization domain (31) and
igher order self-association of the same protein frag-
ent has been demonstrated to be coupled to the

ormation of a a-helical coiled–coil structure (11).
-NS(R54C) was furthermore originally isolated as a
rotein mutant with a severe defect in protein–protein
ssociation (14). The results presented in this study
rovide a structural explanation for the above obser-
ation. Hence, we deduce that the oligomerization of
-NS strongly depends on the formation of a a-helical

lement around arginine 54, which can be hampered by
he amino acid substitution to a cysteine.

roximity Relationship between N-Terminal and
the C-Terminal Parts of H-NS

To collect additional information on the higher order
roximity relationship between the N-terminal oli-
omerization domain and the C-terminal DNA-binding
omain of H-NS we performed fluorescence measure-
ents. For this purpose we utilized the intrinsic fluo-

escence of a single tryptophane residue at position 108

FIG. 4. Thermal denaturation curve of H-NS (helix–coil transi-
ion). The graph shows the amplitude at 220 nm of the CD signal of
-NS as a function of the temperature. The molar ellipticities at 220
m were averaged from two independent measurements. The sig-
oidal regression shows an upper asymptote at Q 5 211065 and a

ower asymptote at Q 5 221826.
225
as previously been shown to be solvent exposed and
inked to a protein conformational change when H-NS
s bound to DNA (5). To determine the distance be-
ween this residue and the N-terminal dimerization
art we took advantage of a single cysteine at position
0 (Cys20), which is accessible to sulfhydryl reagents
nd can thus readily be modified with a fluorescence
abel. We modified Cys20 with the thiol-specific re-
gent N-(1-pyrenyl)maleimide which can function as a
uorescence acceptor. This offers a convenient way to
se fluorescence resonance energy transfer to estimate
he distance between these characteristic positions
ithin the H-NS molecule. These measurements re-
ealed that the fluorescence emission spectrum of the
onor (Trp108) has a substantial overlap with the
yrene absorption spectrum making both fluorescence
olecules a very suitable donor/acceptor pair. The

pectral overlap integral J has been calculated using
quation [5] to be 1.839 3 10214 (see Table 3). Values
or the quantum yield Q, the energy-transfer efficiency

and the distance R 0 were calculated according to
quations [1] to [6] and are summarized in Table 3.
ased on these calculations a distance between the
onor Trp108 and the acceptor Cys20 within H-NSPM of
4.7 Å can be obtained.
A major source of uncertainty in fluorescence energy

ransfer measurements resides in the estimation of the
rientation factor k2. When either the donor or acceptor
re fixed within the structure values for k2 can vary

FIG. 5. Thermal denaturation curves of H-NS(R12C) and
-NS(R54C) in comparison to the wild type protein. The graphs

how the amplitudes at 220 nm of the CD signals as a function of the
emperature. The molar ellipticities were averaged from two inde-
endent measurements. The sigmoidal regression for H-NS(R12C)
hows an upper asymptote at Q 5 26339 and a lower asymptote at

5 220374. The sigmoidal regression for H-NS(R54C) shows an
pper asymptote at Q 5 28460 and a lower asymptote at Q 5
11904.
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etween 0 and 4, depending on the respective orienta-
ion. If donor and acceptor are freely moving and iso-
ropic in nature a value of 2/3 is generally used for k2 as
n our case. Since both amino acid residues represent-
ng the donor and acceptor are solvent exposed we
elieve this assumption to be reasonable.
We can exclude that the distance measurement is

ffected in part by the formation of H-NS dimers (e.g.,
ntermolecular distance) for the following reasons.
irst, we have analyzed H-NS for probable dimer for-
ation by excimer fluorescence after modification of
ys20 with varying amounts the cysteine-specific re-
gent N-(1-pyrenyl)maleimide. Excimer fluorescence
ue to the formation of protein dimers should lead to a
haracteristic increase in fluorescence emission at 470
m (20). No such increase could be observed giving a
rst indication that protein dimer formation might be

nhibited. Second, Sephadex G100 gel chromatography
evealed that the pyrenyl modified H-NS (H-NSPM) in
ontrast to the unmodified protein only existed as
onomer and not as dimer or higher multimers (data
ot shown). While this result demonstrates that the
ormation of H-NSPM dimers is severely impeded after
odification of Cys20 within the N-terminal domain it

lso indicates that the results from the Förster’s
nergy-transfer distance measurements exclusively re-
ect intramolecular fluorescence resonance energy
ransfer and not intermolecular transfer between do-
or and acceptor groups of an H-NS dimer pair.
A distance of about 45 Å between the C- and
-terminal domains of H-NS, as deduced from this

tudy, appears to be rather large. It is consistent, how-
ver, with the probable dimensions of a 15 kDa protein
nd similar distances between separate domains are
nown for other small DNA binding proteins for which
igh resolution information is available (e.g., IHF or
RP). This distance supports the view of two structur-
lly and functionally independent domains located at
pposing protein surfaces. Our results therefore con-
rm earlier suggestions based on limited proteolysis
tudies and NMR measurements which proposed that
he highly mobile C-terminal domain of H-NS is sepa-
ated from the N-terminal half by a flexible amino acid
inker (residues 82–90). According to these suggestions
he C-terminal binding region forms an independent
omain without inter-domain interactions (11, 32). The

Spectral Overlap, Quantum Yield, Energy-Transfer Efficienc

Sample

Exitation
wavelength

(nm)

Emission
wavelength

(nm)

Spectral overlap
integral, J
(M21 cm3)

Quan

-NS 282 340 — 0
-NSPM 282 340 1.839 3 10214 0
226
istance determined in this study is fully consistent
ith this view. However, the existence of independent
omains is not supported by the report that mutations
t position 115 (Pro115) can affect H-NS oligomeriza-
ion (6). It is likely, therefore, that although structur-
lly independent, the N- and C-terminal halves of
-NS both contribute to the observed cooperativity in
NA-binding. A likely mechanism for specific H-NS/
NA interaction could thus involve protein self-
ssociation coupled to the a-helical N-terminus via
ormation of coiled–coil structures and defined DNA-
ontacts through the C-terminal domain. Oligomeriza-
ion may also represent the structural constraint for
inding to curved DNA structures. In conclusion, our
esults corroborate a modular architecture of H-NS
ith clear structural separation between the dimeriza-

ion and the DNA binding domains.
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