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ABSTRACT

We have analyzed the structure of two related
protein-DNA complexes consisting of integration
host factor (IHF) bound to two different versions of
the H' site of bacteriophage A. Both DNA substrates
were 55 bp in length. While one was native duplex the
other possessed a nick in one strand at a crucial
position within the IHF consensus at the same position

as in the reported crystal structure of the DNA  —IHF
complex. By labeling the 5 '-ends of these DNA mole-
cules with donor and acceptor fluor escent dyes, we
were able to measure the distance between the dyes by
fluorescence resonance energy transfer (FRET) and
model DNA distortion. The FRET efficiency
decreased from 0.49 + 0.01 (nicked DNA) to 0.37
0.01 (intact DNA) when the gap in the DNA strand was
closed. The measured dye-to-dye distance of IHF in
complex with nicked DNA was in agreement with the
expected value from the crystal structure. Although
we found that the two structures were distinguish-
able, the global shape induced by IHF was retained
between the two DNA molecules. Furthermore, our
FRET and modeling techniques have sufficiently
high resolution to distinguish subtle changes in
nucleoprotein complexes with biological relevance.

INTRODUCTION

of transcription of somes54 and 670 promoters, as first
demonstrated for thaif operon of Klebsiella pneumoniae
(8,9), stabilization of repressor binding (10) and enhancement
of transposition (11-13). IHF also influences the initiation of
DNA replication, as it is frequently a component of the multi-
protein complex which forms at bacterial origins of replication
(14; reviewed in 15-17). The role of IHF can be mimicked by
replacing one or more IHF binding sites with intrinsically
curved DNA (18) or by replacing IHF with a different DNA-
bending protein (HU) (19).

IHF binds selectively to phage attachment sites (attP) and to
specific sequences within IHF-responsive promoters. IHF
protects more than 25 bp. However, only 9 bp, found in two
patches on the ‘right’ site (8lownstream) of the binding site,
show significant sequence conservation (20). Through
comparison of native IHF-binding sites, a degenerate core
sequence has been defined that consists of three elements: two
clusters of conserved base pairs\BATCAA-3") and (3-TTR-3)
and a dA/dT-rich element located one helical tuHupstream.
Although the upstream element is not found at all sites, it has
been shown to enhance the binding of IHF (21,22).

IHF is a small heterodimeric, sequence-specific DNA-binding
protein of homologous: andB subunits of ~10 kDa each. The
two subunits are 30% sequence identical. IHF binds in the
minor groove of the DNA causing it to bend in a sequence-
specific manner (2,23). Two sharp kinks in the DNA are
caused by the intercalation of conserved prolines from each
arm of the dimer. The intercalated proline residues interrupt
base pair stacking and cause the minor groove to open on either
side of the center of the bend. The intertwineandp subunits of
the IHF dimer contact the bent DNA in a roughly symmetrical

Higher as well as lower organisms contain proteins which argnanner. However, protein contacts to the conserved bases of
present in many copies per cell and serve as multipurposte right half of the binding site are extensive and intimate,
architectural elements. The integration host factor (IHF) anavhereas the dA/dT element on the left half of the complex is
the histone-like HU protein are closely related prokaryoticcontacted via direct and water-mediated interactions with the
proteins, bending the DNA and thus helping to bring togetheDNA phosphates. Both subunits stabilize the DNA bend
multiple components of higher order complexes (for reviewsaround the protein by electrostatic interactions with the DNA
see 1,2). backbone.

TheEscherichia coliHF was originally identified (3—6) and A theoretical model of IHF places the arms of the protein in
purified (7) as a host factor for the phayéntegrative recom- the minor groove, wrapping around the DNA (24,25). The
bination reaction. Subsequently, IHF was shown to regulate backbone protection pattern for the€ bite suggests that the
large number of DNA—protein interactions, including stimulationtwo kinks have a similar shape (25).
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nick

FAM - 5'-CCCACGGCA!
3'-GGGTGCCGTA

jcAACAGGTCGG-3"
(CTTGTCCAGCC-5' - TMRh

Figure 1. Sequence of the 55 bp long DNA molecules containing thsite of phage.. The dyes fluorescein (FAM) and tetramethylrhodamine (TMRh) are cduple
to the B-ends of the strands via g @nker. The position of the nick in the molecule is indicated and the DNA bases essential for IHF binding are shown in bold.
The DNA complexed to IHF in the crystal (23) is indicated by the shaded box.

The extent of DNA bending induced by IHF in solution hasmeasurements of these solutions were made from 240 to
been estimated by gel mobility analysis to be >1@%). DNA 650 nm to determine the concentration of the samples and to
cyclization experiments indicate that the bending angle igontrol the quantity of labeling. The DNA absorption coefficient
closer to 180 than to 120 (27). In the crystal the DNA is bent used waspy,(260 nm) = 675 000 M cm? (estimated from
to ~160 (23). the 50ug/unit method) and gives (490 nm) = 60 000 M cnr?

The capacity of IHF to contort DNA into a virtual U-turn andeqygz,(560 nm) = 75 000 Mt cn! for the conjugated dyes.
represents a great structural feat. The solution of the co-crystaVhile ez, was not significantly affected by conjugation,
structure of IHF bound to one of its DNA targets adds greatlye,,, was decreased compared to the values observed for the
to our understanding of how this protein-induced manipulatiorfree dye, as reported by Clegg al. (29). The values indicate
is performed. One of the limitations of this co-crystal generated 00% labeling of the intact DNA with both fluorescent dyes
structure was the authors use of a nicked DNA substrate. In trend 100% labeling of the nicked DNA with the acceptor
crystal structure the DNA contains a nick positioned at one ofetramethylrhodamine (TMRh) and 89% with the donor fluo-
the two kinking sites, opening the helix to the extent (in therescein (FAM). This reduced labeling efficiency was corrected

crystal structure 16 A, allowing some local rearrangement of aor in the data analysis (see Materials and Methods, FRET).
least 7.5 A) that the gap cannot be bridged by a phosphate
linkage. Thus, to close the linkage the DNA structure must b&pectroscopic studies
modified. We speculated that the structure of the complex Wiﬂl\bsorption and fluorescence measurements were taken on a
nicked DNA might differ from the global solution structure gpecorg M500 (Zeiss, Germany) and a SLM 48000S instrument
Wlth_ intact DNA. A chang_e in global structure should result N (SLM Aminco, Urbana, IL). Steady-state fluorescence spectra
a different end-to-end distance of the DNA. We thereforeyqre corrected for lamp fluctuation. Polarization artifacts were
determined the end-to-end distance of the intact and the nickeg,4eq by using ‘magic angle’ conditions. The fluorescence
DNA complexed with IHF in solution by measuring the ¢,mhje5 were excited at 490 nm for the FRET spectra and at
distance-dependent fluorescence resonance energy tran 0 nm for the acceptor spectra. The fluorescence spectra were
(FRET) l:_)etween two dye molecules covalently attached to th@ollected over a broad range of emission wavelength from
DNA helix ends. 500 to 650 nm and from 570 to 650 nm and corrected for buffer
signals. Aliquots of 40Qul of ~150 nM intact or nicked DNA

MATERIALS AND METHODS were titrated with a 1AM IHF stock solution up to a final IHF
_ concentration of ~450 nM and incubated for 10 min for each
Preparation of fluorescence-labeled DNA sequences titration step. All measurements were carried out &Cl&nd

The oligonucleotides containing the’ ite of phagel as a  'epeated three times with different DNA samples. Treatment of

sequence-specific IHF-binding site (Fig. 1) were synthesize§® molecules and data aquisition and handling were carried
as described elsewhere (28). out as descrl_bed by Stuhmef_mal. (30). _

The intact double-stranded DNA was annealed by hybridizing DNA melting curves of intact and nicked DNA were
equal amounts of complimentary fluorescein- and rhodamine2btained with a Varian Cary 4E UV-VIS spectrophotometer.
conjugated or non-labeled 55 bp oligonucleotides in 450 mMI'he absorbance at 260 nm was measured over the range’80—-90
NaCl, 2 mM MgC}, 24 mM sodium citrate (pH 7.0) by slow with a heating rate of ZZ/min. The DNA solution buffer was
cooling from 80 to 4C overnight. For the nicked DNA the the same as the protein binding buffer. Under these conditions
rhodamine-conjugated 55 bp oligonucleotide was first hybridizethe melting points of the DNA molecules were determined as
with a 31 bp non-labeled oligonucleotide by slow cooling from84°C for the intact and 74 for the nicked DNA. For both
80 to 20C, and in a second step hybridized with a 24 bpDNAs just one transition could be observed. The melting
fluorescein-conjugated single strand by slow cooling frompoints were calculated by the first derivative method using the
60 to £C overnight. computer program Thermal v.1.0 from Varian.

Duplex DNA molecules were purified by 10% native poly- Fluorescence anisotropiesvere calculated from fluorescence
acryamide gel electrophoresis, cut out of the gel under U\ntensity measurements by a vertical excitation polarizer with
illumination and extracted by high salt electroelution with 3 M vertical () and horizontal,) emission polarizers according
ammonium acetate af@. to

The buffer of the DNA samples were changed to protein _
binding buffer (100 mM NaCl, 20 mM Tris—HCI, pH 7.9, r=F-GFJI(F+2GF)
1mM EDTA) on a Sephadex G25 column. Absorptionwith the experimental correction fact@r=F /F, (31).
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Fluorescence resonance energy transfer (FRET) 100 mM NacCl, 20 mM Tris—HCI (pH 7.9) and 1 mM EDTA.

The samples were loaded on a native 8% polyacryamide gel
nd electrophoresed for 100 min at 80 V ir TBE buffer

100 mM Tris, 83 mM borate, 1 mM EDTA, pH 8.0). The gels

were directly scanned using a Fluorlmager 595 (Molecular

The efficiency of fluorescence resonance energy transfer
from a fluorescence donor to an acceptor is related to th
donor—acceptor distanéeaccording to

E=RY(R’+R) Dynamics) and analyzed with the ImageQuaNT software and
R, is the Férster distance at which the energy transfeVIsua|IZQd Wlth. FluorSep from Molecular Dynamics. The DNA
efficiency is 50%, calculated from was excited with an argon laser at 488 nm and the fluorescence
_ detected in the ranges 515-545 nm (using a 530DF30 filter)
Ry = 9790 0%pm*) Ve A and 575-605 nm (590DF30 filter).

where J is the spectral overlap integral of the dyes, the .
quantum yield of the donor in absence of the accjgtdhe Modeling of IHF
refraction index of the medium and the orientation of the The model of the nicked 55 bp DNA in complex with IHF was
transition dipole moments (32—34). For rapid randomization obuilt by fitting double helical B-form DNA fragments to the
the relative donor—acceptor orientatiofis 2/3 (35). The low last 4 bp of each DNA end in the crystal structure.
anisotropies of the donor fluorescein implies that this is a good A model of the intact DNA complexed with IHF was built
approximation for this study (29), so that the efficiency ofbased on the crystal structure of IHF in complex with a 35 bp
energy transfelE is sensitive only to the donor—acceptor target DNA fragment containing a nick in one of the kinked sites
distanceR. (23). The DNA conformation of this complex is characterized by
The emission intensity of the donor decreases in the presencetbk nicked DNA strand showing a distance of ~16 A between
FRET and the intensity of the acceptor emission correspondingihe 5-phosphate and’3ibose oxygen of the unconnected
increases. Therefore we determined the energy transfer efficienayicleotides. In order to obtain a starting structure for the model
E once from quenching of the donor emission fluorescencevith intact DNA, we replaced the kinked site containing the
intensity in the presence of acceptor (by binding IHF)nick with the intact kinked site in the crystal complex.
according to Thus, the non-nicked DNA of one half-site of the complex
E=(lp—lo)lp = (Ipna—! NI was extracted and superimposed on the nicked half-site in the
D "DATTTD ™ TDNA - Tcomplex "DNA stem 2 region. The ends of the DNA strands were joined. The
where I and Ip, are the intensities of the donor-only (N0 new DNA half-site exhibited very similar contacts to the
energy transfer) and the donor—acceptor samples, respectiveptotein, however, due to the modified DNA conformation, the
Usually, I, andlp, are measured in independent experimentsg.hairpin of the subunit lost many close contacts to the minor
We determined both values within one experimental set-up bjjroove of the DNA. Thus, this loop (His54-Val77) was modified
adding protein to the DNA solution and thus avoiding pipettingto correspond to the protein monomer binding to intact DNA in
errors. Due to separation of the donor from the acceptor dye ifhe crystal. The sequence of the modeled DNA was changed to
space, no energy transfer takes place in the labeled protein-frgg sequence depicted in Figure 1. Double helical B-form DNA
DNA and the donor emission intensity of the free DNA equalsragments were fitted to the last 4 bp, to extend the DNA ends
that of the donor-only samplg = Ipy. IcompiexCOrresponds to - a5 shown in Figure 1. General molecular modeling operations
Ipa- lcompiex @Nd Ipya are obtained by integrating the fluores- ere performed with SYBYL v.6.4 (37).
cence intensities from 505 to 525 nm for the complex and free The resulting model was energy optimized using the
DNA, respectively. o _ ~ AMBER 91 force field (38) within AMBER v.4.1 (39), keeping
In addition, the FRET efficienclf was determined by measuring || packbone atoms in the protein fixed except for the two
the intensity of the sensitized emission of the acceptor normalizqqairpin loops. A distance-dependent dielectric function of4r
to the fluorescence of the acceptor alone (36). (wherer is the distance between two interacting atoms in A)
(ratio) = [F(Aey,490) —a-FO(A,,490)1F (A, 560) was used. A residue-based ‘twin-range’ cut-off of 10/15 A was
applied for the treatment of non-bonded interactions (39).
= E-g*- (eDA9gA560) 4 (£AA90/cA560) Durin - Je o
g the first 100 optimization steps, a steepest descent
(ratio), is linearly dependent on the efficiency of energyminimization was performed. The energy optimization was
transfer E. It normalizes the measured sensitized FRET signathen switched to the conjugate gradient method and terminated
for the concentration, for the quantum yield of the acceptor and/hen the gradient norm of successive steps was <0.1 kcal/(mol A).
for any errors in percentage of acceptor labelifh,,490), . .
F(ho,560) andFo(A,,490) are the fluorescence spectra ofModeling of the dye position at the DNA ends
donor and acceptor labeled and donor-only labeled DNAThe distribution of dye positions at the DNA helix ends were
samples excited at the given wavelength of 490 or 560 nntalculated taking into account their steric and electronic
respectivelyeP ande” are the molar absorption coefficients of properties derived fronab initio calculations. A systematic
the donor and acceptor at the given wavelenditiis the fraction  conformational search with the AMBER 91 force field
of donor labeled molecules, calculated from the absorptioivolving all rotatable bonds of the dye molecules and its C6
spectrum of the doubly labeled DNA molecule. amino linkers was carried out, resulting in well-defined spatial
. - . regions that in principle represent the population of different
Observing th? DNA _b_mdm_g and bending of IHF by dyge conformers on the DNA helix ends. The majority of the 6-FAM
electrophoretic mobility shift assay conformers are pointing away from the DNA with an extended
Different concentrations of IHF were incubated for 15 min atlinker conformation. This is presumed to be mainly due to
20°C with doubly labeled intact and nicked DNA (400 nM) in electrostatic repulsion between the 2-fold negatively charged
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results of these calculations are in agreement with experimental

data obtained in anisotropy (41) and burst-integrated fluorescence _
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RESULTS
Figure 2. Principle of experimental approach. The FRET efficiency is inversely
The DNA complexed by IHF adopts a U shape. We analyzed groportional to the sixth power of the dye-to-dye distance. The end-to-end distance

55 bp DNA-IHF complex with, in the center, the Hrotein of the r_]icked DNAin the gomplex is smallercomp_ared to the end-to-end distance
binding site from\ phage (Fig. 1). Both arms of the U shape of the intact DNA, resulting in a larger FRET efficiency.

are made up of two turns of DNA while the kink distance is

9 bp. The binding sequence is identical to that analyzed in

crystals by Riceet al. (23). The 5ends of the DNA were

labeled with the fluorescent dyes FAM and TMRh. The DNA IHF
arms of two turns length place the dyes distant from the protein — 1]
so that interactions between dyes and IHF protein can be O 025 05 075 1 125 15 175 pMIKF

excluded (Fig. 6). The exact length of the two DNA arms were
designed such that the distance between the two dyes was in
the range oR, (50 A), the distance with the highest sensitivity
of FRET. The positions of the dyes at the helix ends obtained
from theoretical calculations were used for these purposes.
The anisotropiesof the donor FAM and the acceptor TMRh
were determined and increased for both dyes only slightly in
the complex compared to the free DNA (from ~0.06 to 0.10 for
FAM and from ~0.25 to 0.27 for TMRh). This increase is
_explalned by the Perrin equation. The voluhef the complex Figure 3. Native 8% polyacrylamide gel of the intact DNA and the DNA-IHF
is larger than the volume of the free DNA and the fluorescencgompiex. Aliquots of 400 nM of fluorescein and rhodamine labeled DNA as
lifetime of the donorr decreases when energy transfer takeshown in Figure 1 were incubated with increasing concentrations of IHF protein as
place. An interaction between the dyes and the protein wouligdicated and eIectrophore_sed. The resulting gel was analyzed with a FI_uoro-
result in steric hindrance of dye rotation and thus in I.edl‘lceamager. The DNA was excited at 488 nm and the fluorescence detected in the
rotational diffusion. This would result in a strong effect on the;anges 515-545 (green fluorescence) and 575-605 nm (red fluorescence). The
! . ’ ree unbound DNA, where no energy transfer can be observed, shows a green
anisotropies, much larger than that observed experimentallyiuorescence. In the complex the dyes are sufficiently close to one another to
This supports our conclusion that the protein does not interadtduce energy transfer. Therefore the green fluorescence from the donor
with the dye molecules. decreases while the red fluorescence from the acceptor increases; this results in
In the complex, the DNA helix ends are sufficiently close to?Ye!loW band for the DNA-IHF complex.
one another in space that Forster transfer takes place between
the dyes. The intensity of FRET is inversely proportional to the i i
sixth power of the distance between the dyes and allow®NA/ fluorescein donor was excited at 488 nm. The free DNA
estimation of the end-to-end distance of the DNA double helix€émits green light detected in the range 515-545 nm, while the
Two different DNA molecules were studied: one with an DNA-IHF complex shows a yellow color. In the complex the
intact double helix and a second containing a nick in the FAMdye molecules at the helix ends come close to one another in space
labeled strand (Fig. 1). A 35 bp long DNA molecule with the and induce Forster transfer. Energy will be transferred from the
nick at the same position had been co-crystallized with IHFdonor to the acceptor dye, reducing the donor and increasing
and the structure analyzed (23). We determined the end-to-efidle acceptor emission intensity. The acceptor emits at higher
distance of the intact and the nicked DNA complexed with IHFwavelengths and can be detected in the range 575-605 nm
in solution. The principle of the measurement is displayed irfred), resulting in yellow bands (a mixture of green donor and

S W W «— complex

«+—free DNA

Figure 2. red acceptor fluorescence) for the DNA-IHF complex. The
] - . decreasing intensity of the donor emission and the increasing
Electrophoretic mobility shift assay acceptor fluorescence (Fig. 3) indicate a strong FRET efficiency

The doubly labeled DNA complexed with IHF was analyzed inand thus a close DNA end-to-end distance in the DNA—protein
native 8% polyacrylamide gels (Fig. 3). Gel electrophoreticcomplex.

mobility shift separates the naked DNA from the DNA—protein Naked as well as protein-bound DNA migrates more slowly
complex. The gel was analyzed using a Fluorlmager. Thé polyacrylamide gels when curved or bent. This migration
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anomaly becomes maximal when the curve/bend is in the :
center of the DNA (as in the analyzed molecules). We 1.01 ,ﬁ”;dw?m
compared the mobility of IHF complexed to nicked and intact 8 e A
DNA in a native 8% polyacrylamide gel (data not shown). The gel £ 081 / o 120nM IHF
did not show migration differences between the two DNA-IHF 2 g7 3228,’:’[,\,:7'5,:
complexes. Thus, the bending angles of nicked and intact DNA g 0817
complexed with IHF are similar. % 04
Fluorescence resonance energy transfer (FRET) § 02
We measured the FRET between the dye molecules at the <
DNA helix ends for the intact and nicked DNA free of protein 0.0 . . i . . ) -
as well as in complex with IHF in solution by measuring the 500 520 540 560 580 600 620 640
reduction in donor and increase in acceptor emission. The first ' wavelength / nm
method compares the donor emission intensities of a sample nicked DNA
without energy transfer (naked DNA) with the same amount of 01 < B
a donor—acceptor sample (IHF-bound DNA), where energy from 8 05, 60nM IHF
the excited donor can be transferred to an acceptor molecule. The § ' 120nM IHF
donor emission of the donor-acceptor sample decreasesdueto & (] ' 300nM IHE
energy transfer. The second method determines the FRET ! 360nM IHF
efficiency by measuring the intensity of the sensitized acceptor ® 04q "
emission normalized to the fluorescence of the acceptor alone. g
In the free DNA, no energy transfer was observed when § 02
measuring sensitized acceptor emission (Method 2). The helix
ends are at a distance of ~200 A beyond the range where FRET

0.0 T T T T T T T
500 520 540 560 580 600 620 640

can be observed. Adding IHF to intact as well as to nicked
wavelength / nm

DNA results in a conformational change of the DNA structure.
As a consequence, the helix ends are brought close to one
another in space and energy transfer takes place. For the intaajure 4. Fluorescence spectra for free DNA and complexed with increasing
DNA a FRET efficiency of 0.37% 0.01 and for the nicked concentrations of IHF.A) Intact DNA; (B) nicked DNA. The fluorescence is

+ ; ; ormalized relative to the fluorescence of the protein-free DNA. With increasing
DNA of 0.49 + 0.01 was measured in three Independenf(!oncen'[ration of IHF the donor fluorescence intensity decreasest®&hd

expgrlments. i . 52+ 2% of the intensity of free DNA, resulting in FRET efficiencies of 0137.02
With increasing IHF concentration, the donor fluorescencend 0.4at 0.02 for intact and nicked DNA, respectively.

decreases in both cases. Figure 4 shows the donor fluorescence
spectra for different IHF concentrations normalized relative to
the donor fluorescence in the absence of IHF. With increasing
IHF concentration, the reduction in donor fluorescence levels
off at 300 nM IHF. The reduced levels of donor fluorescence at
high IHF concentrations are 632 and 52+ 2% of the value 044 d
for free intact and nicked DNA, respectively. This gives a
FRET efficiency of 0.3 0.02 for the intact and of 0.480.02
for the nicked DNA (Fig. 5). The FRET efficiencies measured
by (i) decreasing donor and (ii) increasing acceptor fluorescence
agree well within the error limits of the experiments (Table 1).

Quenching of the donor fluorescence in the presence of IHF o1d 9
protein can be excluded. In parallel experiments with donor-only
samples, the donor fluorescence intensity was constant (data
not shown). Therefore, the decreasing donor fluorescence was o 10 200 300 400 500
caused by energy transfer to the acceptor dye. G(HF) / nM

From the FRET efficiency, the dye distance can be calculated.
With the Férster distanc®, of 50 A (28,43) the measured Figure 5. FRET efficiency versus IHF concentration for nicked and intact
FRET efficiency values yield dye distances of 54.7 A for theDNA. with increasing IHF concentration the FRET efficiency levels off to
intact and 50.5 A for the nicked DNA (Table 1). The dye 0.37+0.02 and 0.4& 0.02 for intact and nicked DNA. Therefore the dye-to-dye

; ; - ; ; distances for the DNA—-IHF complexes with intact and nicked DNA are54.1
distances increased by ~4 A when the nick in the DNAand 50.7 1.0 A, respectively. The determined IHF binding constants to intact

complexed with IHF was closed. and nicked DNA in solution are 91 and 5+ 1 nM, respectively.

[ [

nicked DNA

intact DNA

FRET efficiency

Binding constants

From IHF concentration-dependent complex formation, the ) ) _

binding constants of IHF complexed to intact and nicked DNAvalues (24,44) obtained by different experimental methods.
were determined in solution (Fig. 5). The IHF binding The binding free energies are —44.8.3 and —45.& 0.5 kJ/mol.
constants are @ 1 and 5+ 1 nM for intact and nicked DNA at  This corresponds to a release of 1.8.6 kJ/mol strain energy
15°C and agree within an order of magnitude with reportedor the nicked DNA compared to the intact DNA.
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Table 1. Measured and calculated dye-to-dye distances of the DNA helix
ends in DNA-IHF complexes in solution

Intact DNA Nicked DNA

Measured by decreasing donor fluorescence

FRET efficiency 0.37+£0.02 0.48+0.02

Distance (A} 54.7+1.1 50.7+ 1.0
Measured by increasing acceptor fluorescence

(ratio),? 0.39+£0.01 0.45+0.01

FRET efficiency 0.37+£0.01 0.49£0.01

Distance (A} 54.6+0.5 50.3+0.3

Calculated with molecular modeling
Distance (A) 56t 4 51+4

aErrors are standard deviations of three independent measurements.
bCalculated with a Forster constaRjof 50 A (28,43).

°FRET efficiencies were calculated from the (ragiedlue withe499gA 560
0.095 andeP499gAS60 0.8 (43); d* for the intact DNA is 1 and for the
nicked DNA 0.89 (see Materials and Methods).

DISCUSSION

Proteins that bind DNA likely alter their DNA target. While

these changes can be subtle, some proteins, like IHF, creatgure 6. Comparison of the global structure of the intact (green) and nicked
such dramatic deformations that there are specific and necessariplet) DNA-IHF complex. The positions of the dyes are indicated by spheres
functional consequences. Since many nuc|eoprotein Comp|exé\§he respectiv_e CO|9I’ of the mplecules. 5-TMRh appears on the left side and
consist of multiple proteins bound to a single DNA target, it®"AM on the right side of the picture.

becomes increasingly important to be able to resolve each

distinct complex and to determine the contribution of each

protein to each specific structure. the complexes and to provide sufficient data to create more
The recently solved crystal structure of a 35 bp DNA fragmentefined models of binding. Altered FRET efficiencies can be

and IHF adopts a U shape with two sharp kinks separated Qiqyced by differences in the bending angle and/or by un- or
9 bp. In construction of the DNA substrate the authors re“e%verwinding of the DNA.

on a DNA molecule with a single nick rather than a completely
intact duplex. Since the nick is involved in crystal packing,m

crystals of a complex with intact DNA could not be obtained

(23). Unfortunately, the nick appears at the position of one Oglstar}ce betw:aen theh t\(/jvohdyes n the rr;c()jdel O_lf_ tgle ;ICI'(I%d
the two kinks that IHF is believed to generate upon bindingComp ex exactly matched the experimental data (Table 1). The

e o~ -~ model of the intact DNA bound to IHF was built by replacing
All base pairs in the crystal were Watson-Crick base palrsrt’:w]e nicked kink site with the intact site and adjusting the position

with the exception of the two dA/dT base pairs at the nick, f 3 di he FRET Th del
which form a Hoogsteen configuration or form a reverse®! Stém 3 according to the measurements. The mode

Watson—Crick base pair. The distance between Hmh&sphate shows how an intact continuous.DI_\IA substrate could be bqund
and the 3ribose oxygen of the base pairs flanking the gap ido IHF. These structures have asl_mllar global appearance (Fig. 6)
~16 A. The two dA residues in the nicked kink have the sam&Nowing, however, some specific differences. In the complex
symmetry as the two dA residues in the other ‘intact’ kink. With intact DNA the double helix leaves the nicked kink with a
Therefore we could remove this artifact of the Hoogsteen andifferent rise. The bases are shifted with a rise of ~1.5 A, the
reverse Watson—Crick pairing and form ‘normal’ Watson—Crickoverall twist of the DNA is smaller and the DNA bending
pairs by replacing the nicked kink with both dA/dT pairs from angle is ~2 smaller compared to the crystal structure. This
the ‘intact’ kink. The distance from thé-phosphate to the'3ibose  leads to a different orientation of stem 3 with respect to stem 1
oxygen now becomes 7.5 A. A normal phosphate—oxygefFig. 6). The FRET efficiency between the dyes at the helix
binding length is 1.6 A and therefore the gap cannot be bridge€éinds is sufficiently sensitive to detect this structural difference.
by a phosphate linkage. Thus, the intact DNA in the complexndeed, the energy transfer between the dyes is decreased by
must have an at least slightly modified structure. 12% when the gap in the DNA is closed, indicating that the
This variation is not evident during electrophoretic mobility helix end-to-end distance of the DNA-IHF complex increases
shift assay when IHF is complexed with either nicked or intacby ~4 A, from 50.5 to 54.7 A. The overall bending angles in
DNA substrates. In this current work, we used the higher resolutionoth complexed structures are similar, as indicated by the gel
FRET technique to determine structural differences betweemigration data. Both values agree well with one another.

Using the crystal structure as a starting point, we constructed
odels of the nicked and intact DNA bound to IHF. The



The model indicates that the intact DNA shows a slightly 14.

different structure within the second kink. Nevertheless, thel®: A ! ) .
éG. Freundlich,M., Ramani,N., Mathew,E., Sirko,A. and Tsui,P. (1992)

global structure is hardly changed. The reason for this might b

that the IHF binds to the DNA not only between and at the two; 7.
kinked sites but also outside the kinks holding the DNA in 1s.
position. We thus speculate that the global DNA structure onlyi.

weakly depends on the detailed DNA structure at the klnk
sites.

In conclusion, we have shown that our FRET technique adds;

significantly to the solved structure of IHF bound to a DNA

target. This methodology is of high enough resolution to distinguist22.

even subtle changes in DNA architecture. Since IHF and other
DNA bending proteins are often accessory factors in muItlproteln 54
DNA complexes, this technique should prove useful in

revealing both gross and fine structural variations in thezs.

resulting DNA structures, a first step in elucidating the 26.
27. Sun,D., Hurley,L.H. and Harshey,R.M. (19%ipchemistry 35,

contribution of DNA architecture to function.
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