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The DNA-binding protein H-NS compacts DNA and
acts as a specific transcription factor regulating the
expression of various bacterial genes. The small abun-
dant protein binds to curved DNA without apparent
sequence specificity and the exact nature of its DNA
interaction is still unknown. H-NS lacks any common
DNA-binding or oligomerization motif and except for a
C-terminal fragment of the protein no high resolution
structural information is available today. Since the
complete structure of H-NS is of considerable interest
for understanding its versatile regulatory features,
and in lack of high-resolution data for the complete
molecule, we have combined circular dichroism (CD)
and fluorescence measurements to collect secondary-
and higher-order structural information on H-NS.
Comparison of CD analyses of wild type H-NS and
functional defective mutants allowed assigning sec-
ondary structure elements to the N-terminal oligomer-
ization domain of the protein. Moreover, according to
fluorescence energy-transfer data we calculate a 45 A
distance between the DNA-binding and the oligomer-
ization domain of H-NS. © 2001 Academic Press

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

The Escherichia coli protein H-NS is a small (136
amino acids, 15.6 kDa) abundant compound of the bac-
terial nucleoid which is of particular interest for its
central role in modulating the expression of many en-
vironmentally regulated genes (1). It belongs to the
family of bacterial DNA-binding proteins and is known
to interact specifically with intrinsically curved DNA
in a fairly sequence-independent manner (2, 3). The
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protein is highly conserved among enteric bacteria but
from the primary sequence there is no convincing sim-
ilarity to any other DNA-binding protein and no se-
quence motif characteristic for DNA binding is evident.
Although specific H-NS/DNA complexes have been an-
alyzed by footprinting and fluorescence studies which
revealed two modes of DNA recognition, the exact na-
ture of the H-NS/DNA interaction is still unknown. It
is also not entirely clear whether H-NS binds to the
small or large groove of helical DNA (4-6). H-NS has
been shown to function as a global control element in
bacterial gene expression acting on the levels of tran-
scription as well as translation. While for many genes
H-NS acts as transcriptional repressor for some genes
it can also have activator function (7, 8). Due to its
peculiar DNA binding properties the mechanism by
which H-NS influences transcription is prone to be
distinct from other typical transcription factors (9).
The protein has been postulated to interact with the
DNA in an oligomeric form since it has been shown to
undergo self-association (6) which affects its DNA
binding behavior and ability to induce DNA bending.
The molecular mechanism of H-NS oligomerization is
still undiscovered and various studies report that
H-NS may exist as a dimer, tetramer or small oligomer
in solution and may even aggregate to higher multim-
ers, depending on the conditions and type of analysis
(10-12). It is probably this tendency which has so far
hampered a detailed structural analysis for the com-
plete molecule. Only a 47-amino acid C-terminal frag-
ment (position 90 to 136) has been studied by NMR
spectroscopy. This fragment apparently encompasses
the DNA-binding domain and consists of an antiparal-
lel B-sheet, an «-helix and a 3,,-helix which form a
hydrophobic core (13). Biochemical studies and studies
with protein mutants indicate that the protein very
likely has a modular structure with a DNA-binding
domain located in the C-terminal half and an oligomer-
ization and regulatory domain in the center and the
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N-terminal half of the protein (11, 12, 14). However,
recent work has also suggested that mutations in the
C-terminal region may affect the oligomeric state of the
protein (6). Hence, except several secondary structure
predictions a complete picture of the overall H-NS
structure and its functional domains is still not at
hand. In lack of any available high resolution struc-
tural information for the complete molecule we have
attempted in this study to gain more complete second-
ary and higher order structural data by CD and fluo-
rescence spectroscopic methods. Here, we perform CD
measurements of H-NS and mutants thereof and as-
sign specific secondary structural elements to the
N-terminal half of the protein. Moreover, utilizing flu-
orescence energy-transfer techniques, we calculate a
relatively high spacial distance between the two major
functional domains consistent with the view that they
exist as separate domains which may function inde-
pendently within the context of the full-length protein.

MATERIALS AND METHODS

Protein purification. Wild type H-NS was purified from station-
ary MREG600 cells (15). The cells were disrupted by grinding with
aluminum oxide (Alcoa) and the lysate was used to prepare a
ribosome-free supernatant as described before (16). After high-speed
centrifugation the supernatant was further purified by a fraction-
ated ammonium sulphate precipitation (30—60%) followed by chro-
matography on P11 phosphocellulose (Whatman). Proteins were
eluted with a linear salt gradient (0.05-1.5 M KCI) in PG-buffer (50
mM Na-phosphate, pH 7.4, 50 mM KCI, 10 mM B-mercaptoethanol,
10 mM EGTA, 10% glycerol, 23 pwg/ml PMSF). Further purification
was achieved after heparin sepharose 6B (Sigma) chromatography
using a linear salt gradient (0.05-1.5 M KCI) in PG buffer. After
pooling and concentrating the H-NS containing fractions using ul-
trafiltration tubes (Amicon), remaining contaminants were removed
by a final FPLC gelfiltration step (TSK Biosep-SEC-S400, Phenome-
nex). The FPLC fractions were routinely tested for purity and specific
DNA binding activity on SDS-PAGE and gel retardation assays
using a specific rrnB P1 promoter fragment, respectively.

H-NS(R12C) was expressed from plasmid pHM12 transformed
into the OmpT-deficient E. coli strain CU288 (both kindly provided
by T. Mizuno, Nagoya University, Japan) after induction with 1 mM
IPTG. After 15 h at 37°C cells were sedimented, then resuspended in
extraction buffer (20 mM Tris—HCI, pH 7.5, 100 mM NH,CI, 10 mM
Mg-acetate, 10 mM B-mercaptoethanol) and lysed in a french pres-
sure cell. The subsequent H-NS(R12C) purification was done as
described above, with the exception that all buffers contained addi-
tional protease inhibitors (1 uM pepstatin, 1 M leupeptin, and 0.2
mM PMSF) and the pH during P11 chromatography was lowered
to 6.5.

H-NS(R54C) was expressed from HM40 cells (CU241 hns40
(R54C) zch-506::Tn10; kindly provided by T. Mizuno). Fifty to sixty
grams of stationary cells were accumulated, then resuspended in
extraction buffer and lysed in a french pressure cell. The subsequent
H-NS(R54C) purification was carried out as described for the wild
type protein, with the exception that all buffers contained additional
protease inhibitors (1 uM pepstatin, 1 uM leupeptin and 0.2 mM
PMSF, 4 mM benzamidine hydrochloride) and the pH during P11
chromatography was lowered to 6.5. In designation of the amino acid
mutants we followed the published nomenclature (14). Note, how-
ever, that the actual sequence positions deviate by 1.

Circular dichroism spectroscopy. CD spectra of H-NS were mea-
sured using a Jasco J-715 spectropolarimeter calibrated with ammo-
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nium d-camphor-10-sulfonate. The CD measurements were carried
out in a wavelength range between 185 and 260 nm in a cell with a
path length of 0.1 cm (volume 200 wl) at 25°C unless otherwise
stated. The spectra are the average of two or three independent
measurements of each five scans recorded in 1 nm increments at a
scan speed of 10 nm/min, 1 nm band width, 20 mdeg sensitivity, and
a 1 s time constant. Prior to all measurements, proteins were exten-
sively dialyzed against 10 mM Na-phosphate, pH 7.2, 1 mM DTT,
and then analyzed at final concentrations between 60-140 ug/ml
(4-9 puM).

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

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

Fluorescence studies. Fluorescence measurements were per-
formed in an SLM 800 photon-counting spectrofluorometer with a
xeneon arc lamp. All spectral measurements were carried out at
21°C. The excitation and emission slit width were 8 and 4 nm,
respectively. The absorption of the sample was kept low to avoid
inner-filter quenching.

Fluorescence labelling of H-NS. The thiol-specific fluorescence
marker N-(1-pyrenyl)maleimide (Sigma) was used as fluorescence
acceptor. It was coupled to the unique cysteine at position 20 of H-NS
(Cys20) according to published procedures (20). The reaction was
performed for 4 h at 4°C in the dark and the progress was monitored
spectroscopically using the molar extinction coefficients for H-NS
(273 = 0.89 1 g ' cm ') and pyrene (es, = 2.2 X 10* M " cm ). Excess
reagent was quenched with a 10 fold molar excess of glutathione for
1 h at 4°C and H-NS was separated from reactants by micro dialysis.
The efficiency of the coupling reaction was between 0.8 to 1.0 mol of
pyrene per mol H-NS. The fluorescence labeled H-NS derivative is
designated H-NS;y,.

Measurement of the distance between donor and acceptor by For-
ster’s theory. The internal singular tryptophane of H-NS (Trpl108)
was used as fluorescence donor. According to Forster's theory (21),
the dipole—dipole energy-transfer efficiency T between a donor and
acceptor molecule is related to the distance r by

r=Ry((1/T) —1)¥¢ [1]
or

T=r"%r°%+R,%. [2]
T can also be expressed as

T=1-(Q/Qu) [3]

with Q and Q, as quantum yields of donor in the presence and
absence of acceptor, respectively.

R,, representing the distance (angstroms) at which the transfer
efficiency equals 50% is given by

220



Vol. 282, No. 1, 2001

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

40000

/dmol |

30000 -

2
/

20000

10000

-10000 |-

Molar ellipticity [ deg cm

-20000 -

190 200 210

220 230 240 250 260

Wavelength [nm]

FIG.1. CD spectrum of H-NS in 10 mM Na-phosphate, pH 7.2, 10 mM DTT at 25°C. The graph represents the mean of three independent
measurements with protein concentrations between 4 and 9 uM. The spectrum has a maximum at 192 nm (molar ellipticity ® = 40507) and
minima at 208 (® = —21960) and 220 nm (® = —18137; see also Table 1).

Ro=9.79 X 10°[(3)Q - (n ") (k) *]*", (4]

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

Fo(A)ea()A%dA
IM - em?) = LA ‘}(F):()f)(;)\ , [5]

where F4(\) and e,(\) are the relative fluorescence intensity (%) of
the donor and the molar extinction coefficient (M ™' cm™*) of the
acceptor, respectively. A is the wavelength at nanometer interval, dA.

The spectral overlap integral J = 1.839 10 ™ M cm?® was
calculated according to [5]. The quantum yield, Qs, of a sample was
determined by comparison with a reference sample (photon counter)
as described (24)

_ Qr(1 — 10" (area)sn?
ST (area)g(l — 10 ")ng ’ [6]

where n is the refractive index of the solvent, A the absorption of the
sample and area the integral of the respective fluorescence intensi-
ties between 300 and 400 nm. S and R refer to the sample and the
reference, respectively. l-anilino-8-naphthalene sulfonate (ANS)
with known quantum yields in ethanol and methanol was used as
reference (25) and the validity of the measurement was checked by
comparison of the quantum yields.

RESULTS AND DISCUSSION
CD Spectrum of H-NS

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

plete, although NMR studies on several isolated
C-terminal portions of H-NS have been conducted re-
cently (13, 26). Thus, except several computational sec-
ondary structure predictions, e.g. (27), a thorough pic-
ture of the overall protein structure of H-NS remains
elusive up to date. This is very unfortunate since the
primary amino acid sequence of H-NS exhibits neither
known oligomerization nor DNA binding motifs, both
being important with regard to the unusual and inter-
esting specificity of H-NS for AT-rich, curved DNA
sequences and the ability to bend the bound DNA (28).
Here, we perform CD spectroscopy of H-NS and mu-
tants thereof with functional defects in order to explore
the structural organization of H-NS and assign specific
functions to its structural domains.

First, we assayed the CD spectroscopic properties of
the wild type H-NS protein to obtain a reliable predic-
tion on the overall structural composition of H-NS. For
this purpose, we used 4-9 uM fractions of FPLC-
purified protein to compose the CD spectrum from 185
to 260 nm according to the procedures described under
Materials and Methods. Figure 1 shows the resulting
CD spectrum of H-NS, exhibiting a strong maximum at
192 nm and two minima at 208 and 220 nm, respec-
tively (see also Table 1). Since a strong positive band
near 190 nm and two negative bands near 208 and 222
nm are considered to be characteristic for a-helical
structures (29), the shape of the obtained spectrum
clearly indicates a high content of «a-helical structures
within the H-NS protein. For a detailed calculation of
the structural composition of H-NS, we took advantage
of two different procedures to calculate the secondary
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TABLE 1

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

Protein max/® min 1/0 min 11/0 ip

H-NS 192/40507 208/—21960 220/—18137 200-201
H-NS (R12C) 192/40442 208/—22456 220/—18849 200-201
H-NSY (R54C) 193/25330 209/—13238 222/—11802 201-202

Note. The table summarizes the maxima (max) and minima (min |
and min Il) of the CD spectra and the respective molar ellipticities
(@) at these wavelengths. The positions of the isodicroitic points (ip)
are also indicated. Note that the precision of the values is limited by
the increments (1 nm) at which the scans have been recorded.

structure content based on the obtained spectroscopic
data. The first method is a Singular-Value-Decompo-
sition (SVD) estimate using CD data of proteins with
known secondary structures to calculate the fraction of
residues in a-helical, B-sheet, B-turn, and unordered
conformations in the protein under investigation. For
this purpose the DicroPlot V 2.4 software was em-
ployed (17). The second method computes the struc-
tural content of a protein using the CD Spectra Decon-
volution software (CDNN), which identifies patterns
and correlations in the obtained CD data (18, 19).
Both approaches, though to a different extent, cor-
roborate the interpretation inferred from the spectrum
such that the H-NS protein predominantly consists of
a-helical structures (47-57%), whereas only 8-14%
contain B-sheets, 14-15% are turns and another 21—
24% are random structures (Table 2, a and b). These
numbers are also in good correspondence to recent CD
measurements of an N-terminal part of H-NS purified
from Salmonella typhimurium (11) and several second-
ary structure predictions, which augur the approxi-
mately first 65 N-terminal amino acids and a C-termi-
nal region of the 136 amino acid protein to be predom-
inantly of a-helical structure (data not shown).

CD Spectra of Mutant H-NS Proteins

Next we attempted to assign certain structural ele-
ments to specific functions. To this aim we examined
possible changes of the overall structural composition
of H-NS resulting from specific amino acid substitu-
tions, which render the protein inactive. We focused on
the less characterized N-terminal half of the protein
and measured the CD spectra of the two mutant pro-
teins H-NS(R12C) and H-NS(R54C). Both these muta-
tions have been shown to affect the activity of H-NS as
a transcriptional regulator, H-NS(R12C) being defi-
cient in transcriptional repression and H-NS(R54C)
failing in correct oligomerization (14). As shown in Fig.
2, H-NS(R12C) yields a CD spectrum that is almost
identical to that of the wild type protein, demonstrat-
ing that no major changes in the overall protein struc-
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ture occur when arginine 12 is substituted with a cys-
teine. However, the second H-NS mutant analyzed,
H-NS(R54C), exhibits clearly different spectroscopic
properties. Its bands peak with significantly lower
magnitudes and are slightly shifted towards higher
wavelengths (see also Table 1), indicating drastic
changes in the structural composition (i.e., a-helical
content) of H-NS due to the substitution of arginine 54
with a cysteine residue. The subsequent analysis of the
obtained CD data confirms these observations such
that the calculated distribution of secondary structures
in H-NS(R12C) is almost identical to that of the wild
type protein, while H-NS(R54C) contains significantly
less a-helical residues (31-36% vs 47-57% in the wild
type) and a higher amount of unordered, random struc-
tures (Table 2).

Taken together, these results imply that the ana-
lyzed amino acid substitution at residue 12 does not
affect the structural integrity of H-NS, whereas the
substitution at residue 54 impairs the ability to acquire
the wild type structure by interfering with the forma-
tion of a a-helical element in the N-terminal domain of
H-NS. This notion is supported by various secondary
structure predictions which augur arginine 54 with
high probabilities to be part of an a-helical structure
(not shown). Since H-NS(R54C) has already been
shown to be deficient in oligomerization (14), it is con-
ceivable to assume that this a-helical element is inte-
gral 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)

Secondary structure content [%]

Protein @ PB ap t re

a

H-NS 46.7 10.0 4.7 14.7 24.0

H-NS (R12C) 47.4 9.2 6.2 13.0 23.6

H-NS (R54C) 31.5 14.5 4.5 19.0 30.0
b

H-NS 57.3 3.2 5.3 14.8 21.3

H-NS (R12C) 60.0 24 53 14.3 203

H-NS (R54C) 35.8 9.9 6.3 175 29.6

Note. The data were obtained from the spectra shown in Fig. 2.
Indicated are the fractions of residues in a-helical («), parallel
B-sheet (pB), antiparallel B-sheet (apB), turn (t), and random coil (rc)
conformation in percent for every investigated protein. (a) Results
after calculation by Singular-Value-Decomposition (SVD) utilizing
DicroPlot V 2.4 (17). (b) Summary of the CD Spectra Deconvolution
(CDNN) end results. The table shows the averaged results of cal-
culations at various wavelength ranges (190/195/200/210—-260 nm)
(18, 19).
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FIG. 2. CD spectra of H-NS, H-NS(R12C), and H-NS(R54C) in 10 mM Na-phosphate, pH 7.2, 10 mM DTT at 25°C. The graphs represent
the mean of three independent measurements for each protein with protein concentrations between 4 and 9 uM. H-NS(R12C) exhibits CD
spectroscopic properties almost identical to wild type H-NS with a maximum at 192 nm (® = 40442) and minima at 208 nm (0 = —22456)
and 220 nm (O = —18849), respectively. H-NS(R54C) displays significantly different characteristics with a maximum at 193 nm (® = 25330)
and minima at 209 nm (0 = —13238) and 222 nm (® = —11802), respectively (see also Table 1).

Temperature-Dependent CD Measurements

For a more detailed analysis on the structural effects
of the amino acid mutations we performed tempera-
ture-dependent CD measurements. For that purpose,
we monitored the CD spectra of wild type H-NS and
the two mutant proteins during thermal denaturation
and renaturation. A stepwise increase of the tempera-
ture from 24 to 64°C allowed us to follow the unfolding
process of the three proteins, while the subsequent
incremental decrease of the temperature monitored
the refolding of the proteins.

As shown in Fig. 3a, partial thermal denaturation of
wild type H-NS is accompanied by clear changes in the
molar ellipticities at 192, 208, and 220 nm, indicating
the unfolding of the structural components responsible
for these bands. Additionally, this notable increase of
unordered structures at 64°C is denoted by shifts in the
maximum, minima and isodicroitic point. This is ex-
pected, since unordered structures characteristically
yield strong negative bands near 200 nm and a much
weaker (generally positive) band at higher wave-
lengths (29). Therefore, the striking decrease of the
maximum at 192 nm and the increase of the molar
ellipticities between 200—220 nm are consistent with a
augmentation of unordered structures during thermal
denaturation of H-NS. The spectra taken during rena-
turation (Fig. 3b) reveal that the observed denatur-
ation is roughly reversible, however, the original prop-
erties of the protein are not entirely restored after the
denaturing/renaturing process.

CD measurements have been widely used to follow
the equilibrium between helical structures and unor-
dered conformations. Proteins undergoing helix—coil
transitions in response to changes in temperature, pH
or ionic strength typically exhibit an isodicroitic point
near 203 nm (30). In these cases, the molar ellipticity
at 220 nm is commonly measured in order to monitor
the transition of a-helical to unordered structures,
since both helical and unordered conformations exhibit
characteristic signals at this wavelength. Therefore,
we analyzed the amplitude of the CD signal of wild
type H-NS at 220 nm as a function of the temperature
(Fig. 4). The sigmoidal shape of the resulting denatur-
ation curve indicates a monophasic helix—coil transi-
tion of the protein within the analyzed temperature
range, suggesting the absence of stable intermediates
and allowing calculation of a regression and a T, value
for this transition (40.81°C).

Based on these data, the following experiment was
conducted to relate the helix—coil transitions of the
mutant proteins to the wild type protein. We measured
the changes of the molar ellipticity at 220 nm within
the same temperature range for the two protein mu-
tants and compared them to the wild type protein. As
shown in Fig. 5, the resulting denaturation curves for
the mutant proteins H-NS(R12C) and H-NS(R54C) im-
ply monophasic helix—coil transitions similar to wild
type H-NS. However, H-NS(R54C) displays notable
quantitative differences. Its denaturation curve is
shifted to higher molar ellipticities and exhibits a
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FIG. 3. Temperature-dependent CD measurements of H-NS. (a) Thermal denaturation of H-NS followed by CD spectroscopy. Starting at
24°C, the cell temperature was increased stepwise by increments of 8°C, ending at 64°C, and a CD spectrum was recorded at each
temperature. The respective CD spectra are summarized in the graphics, the according temperatures are indicated in the upper right
window. (b) Thermal renaturation of H-NS. Renaturing of the protein was monitored during a stepwise decrease of the temperature by 8°C
increments, ending at 24°C. A spectrum was recorded at each temperature. The resulting CD spectra are summarized in the graphics, the
according temperatures are indicated in the upper right window. The CD spectrum recorded at the beginning of temperature upshift/

downshift series is indicated as “native.”

much lesser slope and a higher T, (47.30°C) compared
to wild type H-NS. These data prove that the amino
acid substitution at position 12 evidently does not alter
the distribution of the structural elements (see above)
and the helix—coil transition mode of H-NS, whereas
the substitution of arginine 54 leads to a significantly
different helix—coil transition behavior of the protein
due to a variation in the structural composition (i.e.,
loss of a-helical elements). Together with the results
shown above it is reasoning to conclude that the argi-

nine substitution at position 54 impedes the formation
of a stable a-helical structure and renders this region
unordered within H-NS(R54C). The lesser slope of the
helix—coil transition in this case can be explained by
the fact that the stable helical structure, which tran-
sitions to an unordered form during thermal denatur-
ation in the wild type protein and H-NS(R12C), is
already randomly coiled in H-NS(R54C) due to the
destabilizing effect of the arginine 54 substitution.
This is confirmed by the data shown above affirming a
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FIG. 4. Thermal denaturation curve of H-NS (helix—coil transi-
tion). The graph shows the amplitude at 220 nm of the CD signal of
H-NS as a function of the temperature. The molar ellipticities at 220
nm were averaged from two independent measurements. The sig-
moidal regression shows an upper asymptote at ® = —11065 and a
lower asymptote at ® = —21826.

higher amount of unordered elements in this protein.
Furthermore, the higher T, of the helix—coil transition
of H-NS(R54C) indicates that the structures involved
are different from those assessed for the wild type
protein and H-NS(R12C) at a lower T,

Altogether, these results are in good agreement with
previous secondary structure predictions and CD data
on the N-terminal half (residues 1-64) of H-NS (11),
confirming that this segment contains helical struc-
tures with crucial functional importance. Cross-linking
experiments with H-NS(1-64) indicate that this frag-
ment encompasses a dimerization domain (31) and
higher order self-association of the same protein frag-
ment has been demonstrated to be coupled to the
formation of a «-helical coiled—coil structure (11).
H-NS(R54C) was furthermore originally isolated as a
protein mutant with a severe defect in protein—protein
association (14). The results presented in this study
provide a structural explanation for the above obser-
vation. Hence, we deduce that the oligomerization of
H-NS strongly depends on the formation of a a-helical
element around arginine 54, which can be hampered by
the amino acid substitution to a cysteine.

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

To collect additional information on the higher order
proximity relationship between the N-terminal oli-
gomerization domain and the C-terminal DNA-binding
domain of H-NS we performed fluorescence measure-
ments. For this purpose we utilized the intrinsic fluo-
rescence of a single tryptophane residue at position 108
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(Trp108) in the C-terminal part of the protein, which
has previously been shown to be solvent exposed and
linked to a protein conformational change when H-NS
is bound to DNA (5). To determine the distance be-
tween this residue and the N-terminal dimerization
part we took advantage of a single cysteine at position
20 (Cys20), which is accessible to sulfhydryl reagents
and can thus readily be modified with a fluorescence
label. We modified Cys20 with the thiol-specific re-
agent N-(1-pyrenyl)maleimide which can function as a
fluorescence acceptor. This offers a convenient way to
use fluorescence resonance energy transfer to estimate
the distance between these characteristic positions
within the H-NS molecule. These measurements re-
vealed that the fluorescence emission spectrum of the
donor (Trpl08) has a substantial overlap with the
pyrene absorption spectrum making both fluorescence
molecules a very suitable donor/acceptor pair. The
spectral overlap integral J has been calculated using
equation [5] to be 1.839 X 10" (see Table 3). Values
for the quantum yield Q, the energy-transfer efficiency
T and the distance R, were calculated according to
equations [1] to [6] and are summarized in Table 3.
Based on these calculations a distance between the
donor Trpl108 and the acceptor Cys20 within H-NS;,, of
44.7 A can be obtained.

A major source of uncertainty in fluorescence energy
transfer measurements resides in the estimation of the
orientation factor «°. When either the donor or acceptor
are fixed within the structure values for «* can vary
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FIG. 5. Thermal denaturation curves of H-NS(R12C) and
H-NS(R54C) in comparison to the wild type protein. The graphs
show the amplitudes at 220 nm of the CD signals as a function of the
temperature. The molar ellipticities were averaged from two inde-
pendent measurements. The sigmoidal regression for H-NS(R12C)
shows an upper asymptote at ® = —6339 and a lower asymptote at
©® = —20374. The sigmoidal regression for H-NS(R54C) shows an
upper asymptote at ® = —8460 and a lower asymptote at © =
—11904.
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TABLE 3
Spectral Overlap, Quantum Yield, Energy-Transfer Efficiency, and Distance between Donor Trpl08 and Acceptor Cys20;y,

Distance at 50%

Exitation Emission Spectral overlap energy-transfer Distance
wavelength  wavelength integral, J Quantum yield, efficiency, R, Energy-transfer between donor
Sample (nm) (nm) (Mt cm®) Q A) efficiency, T and acceptor (A)
H-NS 282 340 — 0.620 — — —
H-NSpy 282 340 1.839 x 107 0.509 34.7 0.179 44.7

between 0 and 4, depending on the respective orienta-
tion. If donor and acceptor are freely moving and iso-
tropic in nature a value of 2/3 is generally used for k* as
in our case. Since both amino acid residues represent-
ing the donor and acceptor are solvent exposed we
believe this assumption to be reasonable.

We can exclude that the distance measurement is
affected in part by the formation of H-NS dimers (e.g.,
intermolecular distance) for the following reasons.
First, we have analyzed H-NS for probable dimer for-
mation by excimer fluorescence after modification of
Cys20 with varying amounts the cysteine-specific re-
agent N-(1-pyrenyl)maleimide. Excimer fluorescence
due to the formation of protein dimers should lead to a
characteristic increase in fluorescence emission at 470
nm (20). No such increase could be observed giving a
first indication that protein dimer formation might be
inhibited. Second, Sephadex G100 gel chromatography
revealed that the pyrenyl modified H-NS (H-NSg,) in
contrast to the unmodified protein only existed as
monomer and not as dimer or higher multimers (data
not shown). While this result demonstrates that the
formation of H-NS;,, dimers is severely impeded after
modification of Cys20 within the N-terminal domain it
also indicates that the results from the Forster’s
energy-transfer distance measurements exclusively re-
flect intramolecular fluorescence resonance energy
transfer and not intermolecular transfer between do-
nor and acceptor groups of an H-NS dimer pair.

A distance of about 45 A between the C- and
N-terminal domains of H-NS, as deduced from this
study, appears to be rather large. It is consistent, how-
ever, with the probable dimensions of a 15 kDa protein
and similar distances between separate domains are
known for other small DNA binding proteins for which
high resolution information is available (e.g., IHF or
CRP). This distance supports the view of two structur-
ally and functionally independent domains located at
opposing protein surfaces. Our results therefore con-
firm earlier suggestions based on limited proteolysis
studies and NMR measurements which proposed that
the highly mobile C-terminal domain of H-NS is sepa-
rated from the N-terminal half by a flexible amino acid
linker (residues 82—90). According to these suggestions
the C-terminal binding region forms an independent
domain without inter-domain interactions (11, 32). The

distance determined in this study is fully consistent
with this view. However, the existence of independent
domains is not supported by the report that mutations
at position 115 (Pro115) can affect H-NS oligomeriza-
tion (6). It is likely, therefore, that although structur-
ally independent, the N- and C-terminal halves of
H-NS both contribute to the observed cooperativity in
DNA-binding. A likely mechanism for specific H-NS/
DNA interaction could thus involve protein self-
association coupled to the «a-helical N-terminus via
formation of coiled—coil structures and defined DNA-
contacts through the C-terminal domain. Oligomeriza-
tion may also represent the structural constraint for
binding to curved DNA structures. In conclusion, our
results corroborate a modular architecture of H-NS
with clear structural separation between the dimeriza-
tion and the DNA binding domains.
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