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Determined by DNA Cyclization
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The binding of many proteins to DNA is profoundly affected by DNA bending, twisting, and
supercoiling. When protein binding alters DNA conformation, interaction between inherent and
induced DNA conformation can affect protein binding affinity and specificity. Integration host factor
(IHF), a sequence-specific, DNA-binding protein ofEscherichia coli,strongly bends the DNA upon
binding. To assess the influence of inherent DNA bending on IHF binding, we took advantage of the
high degree of natural static curvature associated with an IHF site on a 163-bp minicircle and
measured the binding affinity of IHF for its recognition site contained on this DNA in both circular
and linear form. IHF showed a higher affinity for the circular form of the DNA when compared to
the linear form. In addition, the presence of IHF during DNA cyclization changed the topology of
cyclization products and their ability to bind IHF, consistent with IHF untwisting DNA. These results
show that inherent DNA conformation anisotropy is an important determinant of IHF binding affinity
and suggests a mechanism for modulation of IHF activity by local DNA conformation.© 2000
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Integration host factor (IHF) is a he
erodimeric protein that binds specifically a
deforms its DNA target into a mostly plan
bend (Prentkiet al.,1987a; Nash, 1996) with a
estimated magnitude of 140° to 180° (Thom
son and Landy, 1988; Riceet al.,1996). IHF is
nvolved in a diverse set of systems represen
early all of the major functions and activit
f DNA including transcription, replication, r
ombination, transfer, partitioning, and pack
ng (Nash, 1996). A common theme in many
hese systems is the requirement for highe
ered multiprotein/DNA complexes. IHF w
riginally discovered as a host factor requi

or the integration of phagel into the Esche
richia coli chromosome (reviewed in Nas
1981). Its function in the assembly of thel
“intasome” (Echols, 1986; Richetet al., 1986)
is that of DNA deformation (Goodman a
Nash, 1989; Moitoso de Vargaset al., 1989;
Segallet al., 1994).
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While there is an apparent consensus bin
sequence for IHF, it is a relatively poor pred
tor of binding affinity and sequence informat
is delocalized over 30 to 40 bp (Goodrichet al.,
1990). Regions beyond the consensus sequ
may play an important role in IHF bindin
through the influence of specific bases on D
structure and its local anisotropy (Huismanet
al., 1989; Kuret al.,1989; Prentkiet al.,1987b
Gamaset al.,1987; Kosturkoet al.,1989; Tsa
et al., 1990; Goodmanet al., 1999).

To assess the role of DNA conformation
IHF binding, the binding affinity of IHF for
small, 163-bp DNA molecule with one IH
binding site was measured. Circularization
this short DNA, which induces inherent DN
bending, increased IHF’s affinity for bindin
Topological analysis of ligation–circularizati
products made in the presence of IHF reve
that IHF induces a change in linking num
which can most easily be explained by DN
untwisting at the binding site.

MATERIALS AND METHODS

Construction and verification of monom
circle. The 163-bpNlaIII fragment was derive

.
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74 TETER, GOODMAN, AND GALAS
from pMP29 (Prentkiet al., 1987b). The IHF
binding site present on this fragment occur
the inverted right repeat of IS1 (Prentki et al.,

987b) and is centered 46 and 118 bp from
S1 and pBR322NlaIII sites, respectively (Fig
). To generate the labeled reporter DNA,
egion encompassing this fragment was am
ed by a standard polymerase chain reac
sing [32P]dATP (100 mCi, the total [dATP

was 20 mM (the ratio of32P:31P was 1:30); th
other dNTPs were 200mM). The amplified
product was cut withNlaIII (which leaves 4 bp
CATG 39-overhang, Fig. 1) and the 163-
fragment was isolated from an 8% polyac
amide gel and eluted by the crush and s
method (Maniatiset al. 1982). The DNA con
centration was calculated from the DNA rad
activity and the [32P]dATP specific activity

his labeling procedure produced high spec
ctivity DNA so that very small amounts
NA were used in IHF-binding gel-shift rea

ions; this allowed the use of simplifying a
umptions in the estimation of binding affini
Ligation reactions.The radioactively labele

163-bp linear DNA (;50 pM for low concen
ration reactions; 500 pM for high concentrat
eactions) was preincubated with or without 1
M IHF (a generous gift of Howard Nash a
eorge Chaconas) in 20ml IHF binding buffer

(50 mM Tris HCl, pH 7.4, 70 mM KCl, 7 mM
MgCl2, 3 mM CaCl2, 1 mM EDTA, 1 mM
mercaptoethanol, 200mg/ml BSA, 10% glyc
erol) with 1mM ATP at 25°C for 15 min; 1 un
of T4 DNA ligase (New England Biolabs) w
added and incubated at 25°C for 60 min (h
DNA concentration with or without IHF; low
DNA concentration with IHF) or 8 h (low DNA
concentration without IHF); the reaction w
extracted with phenol:chloroform (1:1), eth
extracted, ethanol precipitated, and resuspe
in TE buffer (10 mM Tris HCl, 1 mM EDTA

FIG. 1. DNA fragment used in small circle constr
of IS1 which contains the IHF binding site (hatche
(heavy line). The IHF binding site is 46 and 117 b
four single-stranded 39 overhanging ends.
e

i-
n

k

ed

pH 8). Ligation in the presence of IHF w
carried out similarly at 50 pM DNA.

Chloroquine gel electrophoresis.Topoiso-
mers open circle (OC) and covalently clo
circle (CCC) of 163-bp circles were resolved
6% polyacrylamide/TBE gels with 30mg/ml
chloroquine, loaded under 150 V, and run at
V (10 V/cm) for 3 to 5 h at25°C. The gel wa

ried and exposed to film.
IHF binding assay. Circular and linea

63-bp DNA at;50 pM each were incubat
ith purified IHF in 20ml of IHF binding buffer

at 25°C for 15 min. Two microliters of loadin
dye (xylene cyanol 0.01%, BSA 1 mg/ml, 50
glycerol) was added and gently mixed. The
action was loaded onto an 8% polyacrylam
gel (19:1 acrylamide:bis-acrylamide, pre-
for 3 h at 4°C and 250 V) at 4°Cunder 50 V (2.5
V/cm) and then run at 250 V for 4 h. The g
was dried and exposed to film. Gel bands w
excised and Cerenkov counted in a scintilla
counter.

RESULTS

DNA Minicircles Made in the Presence and
Absence of IHF

A 163-bp DNA substrate containing a sin
binding site for IHF derived from the IRR e
of IS1 was used as the DNA substrate for
igation–circularization reaction (Fig. 1). Th
HF site has previously been shown to bind
e bent by IHF (Prentkiet al., 1987a). The

inear form contains a 4-bp 39 overhanging en
derived fromNlaIII cleavage. The products
ligation at high linear DNA concentratio
(;500 pM) were linear concatamers and mo
meric and concatemeric circles (Fig. 2, lane
Their relative abundances conform to the p
dicted relationship between intra- and interm
lecular cyclization kinetics based on DN

ion. The linear 163-bp DNA is derived from the right end
ox) and part of pBR322 from coordinates 3199 to 32

rom the ends of the fragment which areNlaIII sites with
uct
d b
p f
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75DNA BENDING AND TWISTING BY IHF
length and concentration (J/I ratio; Maniatiset
al., 1982). Ligation at low linear DNA conce
tration (;50 pM) produced only monomer
circles (Fig. 2, lane 2), as expected for an

FIG. 2. Ligation products of the 163-bp DNA. Produ
of ligation in the absence of IHF at high DNA concentra
(lane 1) or at low DNA concentration (lane 2) or ligation
high DNA concentration in the presence of IHF (lane
were resolved on 6% polyacrylamide gel. The identitie
the bands are indicated as C, circular; L, linear; m,
monomer, dimer, and trimer, respectively.

FIG. 3. IHF binding to 163-bp circular and linear
were mixed in equal amounts and incubated with
Cm and Lm are indicated.
-

creased J:I ratio. The identity of the monome
circle was shown by heat denaturation and
mobility (below) as well as restriction digesti
and electron microscopy (data not shown).

Ligation of the 163-bp DNA at high line
DNA concentration in the presence of IHF (1
nM) produced exclusively monomeric circ
(Fig. 2, lane 3). In addition, the rate of monom
circularization at low linear DNA concentrati
was about 50-fold faster in the presence of
(data not shown). Similar effects have b
shown for CAP on DNA cyclization produc
and kinetics (Kahnet al., 1992). Because o
these enhanced kinetics, monomeric circles
further studies were prepared by ligation in
presence of IHF, except where indicated.

Binding Affinity of IHF for Minicircles

Monomeric circles (163-bp) produced by
gation in the presence of IHF were subseque
purified and used to study IHF binding. T
relative binding affinities of IHF for the circul
and linear forms of the 163-bp DNA were d
tinguished using a gel-shift assay in which eq
amounts of 163-bp circular and linear DN
were mixed and titrated with IHF (Fig. 3). T
identities of the IHF–DNA complexes with li
ear and with circular DNA were determined
the mobilities of their complexes in independ
binding reactions (data not shown). The IH

f
:

A. Monomer circular (Cm) and linear (Lm) 163-bp DNA
at the indicated concentrations. Complexes with IHF w
DN
IHF
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76 TETER, GOODMAN, AND GALAS
linear DNA complexes showed the classic “
tarded” mobility relative to unbound line
DNA. In contrast, the migration of the IHF
circular DNA complex was accelerated relat
to unbound circle. This “gifted” mobility of
protein–DNA complex probably involves bo
compaction of the circular DNA by IHF-in
duced bending, reducing its hydrodynamic
dius, and the lack of a linear DNA-end reptat
effect. Similar results and interpretations w
reported for IHF (Sunet al., 1996) as well a

ther DNA bending proteins (Douc-Rasyet al.,
989; Teyssieret al., 1996).
The intensities of the unbound linear a

nbound circular DNA bands (Fig. 3) show t
HF complexes form at lower IHF concent
ions on the circular DNA than on the line
NA, indicating that IHF has a higher affini

or the circular form. Relative binding affinitie
ere estimated from the half-maximal bind
quilibrium relationship:K d 5 [IHF] when the

fraction of DNA bound5 the fraction of DNA
nbound; e.g., in Fig. 3, these IHF concen

ions were 25 nM for circular and 125 nM f
inear. From Fig.3 and additional determi
ions, IHF showed about 5-fold higher affin
or circular compared to linear form DNA. Th
robably primarily reflects enhancement of s
ific binding since the nonspecific binding
nity of IHF is estimated to be;100- to 1000
old lower than specific binding affinity (Shind
t al.,1995; Yang and Nash, 1995; Wanget al.,

1995; Mengeritskyet al., 1993) and since th
nonspecific target in the 163-bp DNA is re
tively small.

Topologies of Circles Made in the Presence
and Absence of IHF

The 163-bp linear DNA has, at 10.6 bp
turn (Peck and Wang, 1981), approxima
15.5 turns of the double helix. The product
the ligation of this molecule will be either c
valently closed on both strands (covalen
closed circle with 15 turns or 16 turns) or c
valently closed on only one strand (a topolo
cally relaxed, open circle). These forms
separable by gel electrophoresis in the pres
of chloroquine. Chloroquine intercalation in
-

-

-

ce

DNA causes unwinding of the double helix; t
causes positive twisting in the rest of a C
which can be converted to positive writ
(buckling and figure-8 formation). Therefo
chloroquine intercalation causes a CCC to
come more positively supercoiled and its m
bility in PAGE will be altered (as discuss
below). In contrast, the topology of an OC w
not be significantly distorted by chloroqui
because the free ends rotate about the cl
strand as chloroquine unwinds the DNA; the
fore, its mobility is relatively unaltered.

Purified DNA samples from circles made
the absence of IHF [circles(2)IHF] and circles
made in the presence of IHF [circles(1)IHF]

ere separated by gel electrophoresis (6% p
crylamide) in the presence of 30mg/ml chlo-

roquine (Fig. 4). The monomer circle band t
migrated as a single band on a native (no c
roquine) gel (Fig. 2, lanes 2 and 3) was reso
into two bands on the chloroquine gel (Fig.
Both circles(2)IHF (lane 1) and circles(1)IHF
(lane 2) preparations showed these two spe
on chloroquine gels. The identities of these

FIG. 4. Topoisomer resolution of circles made in
absence of IHF or presence of IHF (lane 2). Produc
ligation at low DNA concentration in the absence of I
(lane 1) or presence of IHF (lane 2) were run on a 6%
with 30 mg/ml chloroquine. The positions of open circu
(OC), covalently closed circular (CCC), and unligated lin
(L) species are indicated.
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77DNA BENDING AND TWISTING BY IHF
monomeric species as OC and CCC (predi
by the differential effect of chloroquine on t
mobility of OC and CCC species, discus
below) were shown by the following denat
ation experiment: Circles(1)IHF and
ircles(2)IHF were heated to 95°, quick
ooled to270°, and separated on a chloroqu
el (Fig. 5). For both circle preparations, he

ng caused the upper band to disappear, co
ent with it being single stranded, while t
ower band was quantitatively retained; t
uggests that the upper band is nicked (OC)
he lower band is covalently closed (CC
imilar results were reported by Sunet al.

1996) using denaturing gels. The effects
thidium bromide on ligation product topolo
below) are also consistent with these inter
ations.

The nick in the OC species can be attribu
o either lack of ligation on one strand or po
igation nicking of a CCC species. The lat

echanism could be caused by (1) nucle
ctivity, (2) mechanical breakage, or (3)32P

decay. These are unlikely because of, res
tively, (1) the numerous phenol/chlorofo
treatments, (2) the small size of the DNA, a
(3) the failure of the ligation products’ CCC:O
ratio to vary over 3 weeks (1.5 half-lives) wh
compared to the CCC:OC ratio from fres
ligated products (data not shown); this indica
that most molecules had only one [32P]dATP
incorporated, consistent with the prediction
incorporation during PCR (see Materials a
Methods).

The CCC and OC bands of the circles(2)IHF

FIG. 5. Heat denaturation of circle topoisomers. Circ
ade in the absence of IHF (lanes 1 and 2) or in
resence of IHF (lanes 3 and 4) were heated to 95° (la
nd 3) or not (lanes 2 and 4) and run on a 6% polya
mide, 30mg/ml chloroquine gel. The positions of op

circular (OC) and covalently closed circular (CCC)
indicated.
d

-
is-

d

f

-

e

c-

s

f

nd circles(1)IHF preparations were quan
ated from three experiments. F
ircles(2)IHF, 83% of the total monomer circ
roducts were OC and 17% were CCC. T
bundance of OC is consistent with torsio
isalignment of the 163-bp DNA ends, as p
icted by the torsional misalignment (;0.5

urns) and the large energy cost to torsion
lign the ends in short DNA molecules. T
an be approximated at 0.5 kcal/mol assumi
orsional rigidity constant of 10219 erg cm and
the twist distributed equally over the ent
163-bp (Law et al., 1993). In contras
circles(1)IHF were composed of 25% OC a

5% CCC. This indicates that IHF binding su
tantially counteracts the thermodynamic di
or for CCC formation inherent in the structu
f the 163-bp DNA. Such a linking deficit c
e accommodated by either altering twist
rithe of the DNA.

ircles Made in the Presence of Ethidium
Bromide

The enhanced production of CCC over OC
he presence of IHF suggests that DNA twis
ay be involved. This hypothesis was inve
ated by performing the ligation reaction in
resence of ethidium bromide (EtBr) which u
inds DNA by 26° per each intercalated E
olecule (Clendenning and Schurr, 1994).
ation products made at low linear DNA co
entration in the presence of increasing amo
f EtBr, then purified from the EtBr befo
eparating by gel electrophoresis in the pres
f chloroquine, are shown in Fig. 6. Ligati
roducts in the absence of EtBr showed a
CC1 ratio of 4:1 (Fig. 6A, lane 1). The add

tion of increasing EtBr resulted in a progress
change in the ratio of topoisomers and the
pearance of two new species, CCC2 (Fig. 6A,
lanes 7 to 9, and Fig. 6B, lanes 2 to 9) and C3

(Fig. 6B, lanes 8 to 13), with only one of the
species being prevalent at any given EtBr c
centration.

The identities of these CCC species w
deduced from the combined effects of EtBr
unwinding the DNA, the topological fixation b
ligase, and the relative migrations of these th

1
-
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78 TETER, GOODMAN, AND GALAS
FIG. 6. Ligation in the presence of ethidium bromide. Products of ligation were separated by electrophore
as described in Fig. 5. A. The 163-bp DNA was ligated for 90 min in the presence of ethidium bromide (EtB
at the indicated concentrations; a parallel reaction without EtBr but with IHF (100 nM) is shown in lane 11. Th
positions of linear (L), open circular (OC), and the two covalently closed circular topoisomers, CCC1 and CCC2,
are indicated. B. Ligation in the presence of EtBr (at indicated concentrations) without IHF (lanes 1 to 1
showing resolution of CCC1 and OC (lane 3) and production of CCC3 (lanes 10 to 14). The positions of line
(L), open circular (OC), and the three covalently closed circular topoisomers, CCC1, CCC2, and CCC3, are
indicated. Reaction products at 5 and 20mM EtBr (as in lanes 1 and 6) were heated to 95° and cooled to270°
before loading (lanes 14 and 15, respectively). The positions of denatured linear (Ld) and open circular (O
are indicated.
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79DNA BENDING AND TWISTING BY IHF
CCC species in the presence of chloroqu
That CCC1 and CCC2 are covalently close
circles is shown by their resistance to heat
naturation (Fig. 6B, lanes 14 and 15; see
Fig. 5; CCC3 was not tested). Since CCC1 is the
first species formed at low EtBr levels, it fo
lows that it has a Lk5 15 and therefore
linking deficit,” DLk 5 20.5. At higher EtB
evels, it follows that CCC2 and CCC3 have
Lk 5 14 and 13 andDLk 5 21.5 and22.5,
respectively. Their migration reflects their top
logical states after chloroquine intercalation.
analogy to the previous discussion of OC
CCC1, the topologies of CCC1, CCC2, and

CC3 in 30 mg/ml chloroquine can be deduce
CCC2 is completely relaxed (nearly comigra
with OC; Fig. 6B, see lane 2 for resolution
the OC and CCC2 species) while the CCC1 and
CCC3 species are equally positively and ne
tively supercoiled, respectively, since th
comigrate (Shure and Vinograd, 1976).

To compare the effects of the presence of
and EtBr, a parallel ligation was carried out
the presence of 100 nM IHF without EtBr; th
produced the expected OC:CCC1 ratio of 1:3
(Fig. 6A, lane 11). The amount of ligated cir
product formed and the ratio of OC:CCC1 pro-
duced in this reaction with IHF alone is nea
identical to the amount and ratio produced in
presence of 5mM EtBr without IHF (Fig. 6A,
lane 6). Depending on the direction of tw
imparted by IHF, the CCC1 toposiomer forme
in the presence of IHF could be Lk5 15 or 16
since the twist potential is symmetric ab
DLk 5 0.5 (i.e., twisting and untwisting ene

ies are equal), at least for 247-bp DNA
lization (Shore and Baldwin, 1983b). Its com
ration with the CCC1 product formed in th

presence of EtBr suggests it is most likely Lk5
15 since these gel conditions will resolve Lk5
16 from Lk 5 15 topoisomers (data not show
n the presence of chloroquine, Lk5 16 is more
positively supercoiled and therefore migra
faster than Lk5 15). These results suggest t
IHF, like EtBr, untwists DNA.

These results can be used to estimate
degree of twist imparted by IHF by equating
with the twist imparted by EtBr at 5mM. To
estimate the number of EtBr molecules boun
.

-
o

-

t

e

o

the 163-bp DNA, the three CCC species form
at increasing EtBr concentrations were qua
tated and plotted as a function of EtBr conc
tration (data not shown). This analysis show
that the CCC1, CCC2, and CCC3 species wer
most abundant at EtBr concentrations of 5,
and 65mM, respectively (the CCC3 peak at 65
mM was partially obscured by reduced ligat
rates at higher EtBr levels). Since the C
species differ by 360° twist and each EtBr m
ecule imparts 26° twist, then an additional
EtBr molecules are bound per DNA molecule
30mM EtBr for CCC2 and 28 EtBr molecules
65 mM EtBr for CCC3. The number of EtB
molecules bound per 163-bp DNA molecule
5 mM EtBr was estimated by equating the eq
librium binding constant equations of t
CCC1- and CCC2-peak EtBr concentration (a
suming the concentration of unbound EtBr
unbound DNA base pairs are not significan
different from their respective total concent
tions).

Solving for the unknown EtBr molecules p
163-bp DNA at 5mM EtBr, (X),

~X!

~5 mM! ~163 bp!
5

~X 1 14!

~30 mM! ~163 bp!
,

indicates that about 3 EtBr molecules w
bound per 163-bp DNA molecule at 5mM EtBr;
qualitatively similar results were obtained wh
the equilibrium binding constant equation of
CCC3-peak EtBr concentration was evaluat
however, the reduced ligation rates at hig
EtBr levels limited accurate estimation of
peak EtBr concentration. Three bound E
molecules produce a total twist of about 78°.
this analysis, the equivalent ratios of topoi
mers formed by IHF and by 5mM EtBr sugges
that IHF imparts approximately 78° of (neg
tive) twist to the DNA.

IHF Binding to Circles Made in the Presenc
and Absence of IHF

The binding affinity of IHF for circles(1)IHF
and circles(2)IHF was investigated by gel-sh
(Fig. 7). Note that the unbound topoisomer
circles(1)IHF and circles(2)IHF comigrate in



di-
A
ne

no
e-

or
-

ith

ility
,
ns
-

as-
e
ect
by
s
n,
n-
f-
for
ar
e
y-
he
tha

nd
uld
ding

ther

2;
cu-
by
ed
im-

nly
F

A
p.
nal
ay

ity
of

nts
of

ar-
d

fol-

is
e-
nd-
ay
of
A

ite

he
rcle
und

80 TETER, GOODMAN, AND GALAS
this gel without chloroquine. Circles(1)IHF
usually showed slightly higher affinity, as in
cated by quantitation of the unbound DN
bands from several experiment (compare la
2 and 7 in Fig. 7); however, the trend was
statistically significant (data not shown). D
spite the similarity in their binding affinities f
IHF, it is clear that IHF forms different com
plexes with these species. Circles(1)IHF forms
one predominant fast-migrating complex w
IHF (Fig. 7, lanes 2–5) while circles(2)IHF
complexes are smeared with slower mob
compared to circles(1)IHF complex (Fig. 7
lanes 8–10). Mixing the two DNA preparatio
did not inhibit the formation of stable com
plexes characteristic of circles(1)IHF DNA
(Fig. 7, lanes 11–15).

DISCUSSION

DNA structure is clearly a fundamental
pect of the DNA binding activity of IHF. On
consistent theme among the pleiotropic eff
of IHF is its bending of DNA, as epitomized
its function in l phage recombination. A
shown in this current work, DNA conformatio
in the form of inherent DNA curvature, e
hanced IHF–DNA interactions; IHF binding a
finity was demonstrated to be fivefold higher
a 163-bp circular DNA compared to its line
form. If IHF binding affinity is dependent on th
“bendability” of the DNA, as proposed by Sn
deret al. (1989), that is, if it is dependent on t
flanking-sequence protein–DNA contacts

FIG. 7. IHF binding to circles made in the pre
presence of IHF (lanes 1 to 5), circles made in the
preparations (lanes 11 to 15) were incubated with
circular DNA and IHF–circle complexes are indic
s
t

s

t

are made only when the DNA is bent arou
IHF, then stabilization of the bent state wo
preserve these contacts and increase bin
affinity (Haleset al.,1996; Shindoet al.,1995).
This model has also been proposed for o
DNA-bending proteins (Kim et al., 1997;
Teyssieret al.,1996; Kahn and Crothers, 199
Dripps and Wartell, 1987). In this case, cir
larization of the 163-bp DNA favors binding
reducing the energetic cost of IHF-induc
bending. We assume that the bend energy
parted by DNA circularization represents o
part of the total bend energy of IHF, since IH
bends DNA 140° to 180° over the;30-bp
footprint, while circularization of 163-bp DN
would provide only 66° of curvature over 30 b
In our analysis, we have made four additio
assumptions (see below), which in part m
limit the enhancement of IHF binding affin
for circular substrates. While the free energy
IHF-induced DNA bending probably represe
a significant cost to the total binding energy
IHF, estimation of this free energy by comp
ing the binding affinities of IHF to circular an
linear substrates is precluded if any of the
lowing assumptions prove incorrect:

(1) IHF bends DNA equally whether DNA
in linear or circular form. The structural r
sponse of a small circle to IHF-induced be
ing, i.e., the formation of a quasi-ellipse, m
place structural limitations on the degree
IHF-induced bending, compared to linear DN
with free ends. Mutations in an IHF binding s

ce or absence of IHF. The 163-bp circles made in t
ence of IHF (lanes 6 to 10), or a mixture of these two ci
at the indicated concentrations. The positions of unbo

d.
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abs
IHF
ate
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do not affect the degree of bending by I
binding, even when binding affinity is reduc
(Shindoet al.,1995). However, others (Haleset
al. 1996; Goodmanet al.1999) reported that th
anking DNA adjacent to the IHF binding s
an alter the degree or kind of induced ben
(2) IHF-induced DNA bending is facilitate

y circularization-induced DNA curvature. It
lear that the IHF-induced bend is more sev
han, and perhaps qualitatively different fro
he “smooth” bending of DNA by circulariz
ion, e.g., IHF makes two kinks within its re
gnition site which contribute most of the DN
ending (Riceet al., 1996).
(3) Circularization-induced curvature do

ot alter binding site presentation, that is, D
rientational (rotational) anisotropy, through

eraction with other sequence-induced DNA
sotropy (Kahn and Crothers, 1992).

(4) Circularization-induced curvature do
ot significantly alter DNA twist. Since bendi
erived from the natural curvature of these
icircles is likely uniformly distributed in th
bsence of IHF, any associated twist compo
ould be expected to be nominal over

ength of the IHF binding site. This ignores t
wist component inherent in CCC. However,
ffect of CCC twist on IHF–DNA complex st
ility was weak in the gel-shift experimen
ith no strong effect on binding affinity; ben

ng seems to be a dominant effect in this ca

Nevertheless, the topological constraints
osed by circularization limit the degrees

reedom of motion of the DNA into a subset
onformations in which the thermodynam
ost of bending by IHF is reduced, perhaps
tabilizing the protein–DNA contacts that IH
ses to induce the DNA to bend. The stability
specific IHF/DNA complex has been shown
e dependent on bending, per se, where ben
as either sequence-induced (inherently b
r circularization- or loop-induced (“exo
nously”-bent). On an IHF binding site (H9)
equired forl excisive recombination, Segallet

al. (1994) have shown that theK d of IHF is
decreased 10-fold in the presence of ano
DNA binding protein, Int, which binds simult
neously to two sites flanking H’, creating a lo
e

-

-

nt

.

-

y

f

g
t)

r

of bent DNA at the IHF site. Similarly, circu
larization-induced bending not only increa
the affinity of IHF (this work; Sunet al.,1996)
but also may be a general phenomenon of D
bending proteins (Pilet al., 1993; Kahn an
Crothers, 1992).

While there are limited data, it is uncle
whether all types of DNA target deformati
would enhance IHF binding. There are num
ous cases in which IHF binds specifically
inherently bent DNA (poly-A/T elements, Hal
et al., 1996; Sunet al., 1996) as well as non
specifically, like that of HU (which binds no
specifically), to inherently curved DN
(Shimuzuet al., 1995). In the structure derive
from the cocrystal of IHF bound to the H9 site,
the internal DNA bending elements within t
IHF binding site (described above) also pos
narrow minor grooves which Riceet al. (1996)
contend may be critical in their interaction w
IHF’s two antiparallelb strands. Thus the DN
target itself may possess a conformatio
“blueprint” to introduce anisotropic flexibilit
at critical points that are compatible with IH
induced distortions. Base-induced deformat
that are degenerate with respect to DNA
quence may explain the degeneracy of the
consensus (Nash 1996; Goodmanet al., 1999).

DNA Cyclization and Circle Topology

A widely used assay for the natural fluct
tions in DNA twist is the capture of topologic
states by ligase joining the DNA ends. The r
of intramolecular cycling is dependent on
contributions of the energies of DNA bend
and twisting which become dominant for DN
,500 bp and increase exponentially as D
length decreases (Shore and Baldwin, 1983
The energy to attain an integral twist va
(where both strands are aligned) increases
ponentially from a linking deficit (DLk) DLk 5
0 to DLk 5 0.5.

The linear 163-bp has a predicted Lk5
15.5 6 0.1 (at 10.66 0.1 bp/turn). The pre
dominance of OC in the ligation produ
(CCC:OC ratio 1:5) probably reflects the n
integralDLk of the 163-bp DNA and the larg
energy cost necessary to distribute;180° of
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twist (to bring DLk 5 0 for CCC formation
over only 163-bp. The presence of IHF dur
ligation increased the ratio of CCC:OC produ
to 3:1. Qualitatively similar results were r
ported by Sunet al. (1996). The 3:1 ratio wa
also achieved by ligation in the presence o
mM EtBr. These results show that the therm
dynamic disfavor for CCC formation inhere
in the 163-bp DNA can be overcome either
IHF binding or by EtBr intercalation, mo
likely by directly altering the net twist whic
would better align the DNA ends. Our data
not allow a direct determination of the mag
tude of untwisting induced by IHF, whic
would require kinetic data on CCC formati
induced by IHF and determination of bindi
stoichiometry. However, an estimate of 78°
untwisting was made by equating the twist
duced by EtBr with that of IHF binding. Th
derived cocrystal structure showed a 15° d
dral angle out of the plane, which represe
twist; however, the linear DNA substrate co
tained a nick (Riceet al.,1996) and may not b
quantitatively representative of a native solu
state or our end-ligated minicircles. The rela
contributions of IHF-induced bending a
twisting to the increase in production of a
binding to CCC is more complicated to interp
since there can be an inherent coupling betw
DNA bending and twisting (Marko and Sigg
1994). In addition, by bending DNA 180°, IH
could introduce writhe, which can be transla
vibrationally into twist, and this is, in principl
reversible (reviewed in Calladine and Dre
1997).

IHF Binding to Circles(1)IHF and
Circles(2)IHF

To further evaluate the role of DNA twistin
he binding affinity of IHF for the 163-bp circle
ade in the presence or absence of

circles(1)IHF or circles(2)IHF] were com
ared. The two circle preparations showed s

lar binding affinity for IHF under our reactio
onditions, but differed in their relative stab
ies during electrophoresis: complexes w
ircle(1)IHF showed distinct bands, wh
omplexes with circle(2)IHF were smeared
-

-
s

n

-

mearing between the positions of migration
tably bound complex and unbound DNA m
epresent marginally stable complexes that
ociate stochastically during electrophore
erhaps due to the suboptimal binding co

ions in the gel compared to thein vitro IHF
inding conditions (e.g., differences in ion
nvironment or temperature). This observa
as also reported for IHF binding to muta
ites with reduced binding affinity and cause
imilar smearing of the IHF/DNA comple
Thompson et al., 1986; Lee et al., 1991;
hindoet al.,1995). Alternatively, the smearin
ay represent a dynamic equilibrium betwee

eries of metastable structural states, eac
hich migrates differently during electropho
is. The correspondence between the abilit
HF to form stable complexes and the hig
raction of CCC in the preparation is consist
ith the formation of stable complexes w
CC and unstable complexes with OC. Suet
l. (1996), however, reported a lack of bind
f IHF to the CCC species of a 156-bp DN
ubstrate containingtwo IHF binding sites tha
ere circularized in the presence of satura

HF. Ligation of DNA when both IHF sites a
ccupied could create a CCC conforma
when subsequently purified from IHF) that p
ludes rebinding of one IHF molecule at the l
HF concentrations that were tested. This c
rasts our system where onlyoneIHF molecule
s likely binding during both facilitated ligatio
nd subsequent rebinding reactions.
The importance of torsional alignment

HF–DNA contacts in IHF binding affinity i
uggested by deletions or insertions of one
air between core consensus elements or fl

ng bend elements that severely disrupted
inding (Leeet al., 1991; Shindoet al., 1995).
lthough such manipulations do not on
hange twist alignment, this model may be
ended to explain the differential binding of IH
o OC and CCC species. Since the two topo
ers probably have similar inherent bend

he IHF/DNA complex stability differences du
ng electrophoresis may be due to difference
NA twisting (although the four assumptio
utlined above cannot be ruled out). The in
ility of complexes of IHF with the OC speci
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in circles(2)IHF reflects the IHF-induced twi
nergy required to align the optimal prote
NA contacts, while stable complexes with

nherently untwisted substrate, the CCC spe
n circles(1)IHF, reflect at least partial alig

ent that reduces IHF-induced twist energy
herefore stabilizes binding. These argum
arallel those of the increased binding affin

or prebent (circularized) DNA because of
educed energy necessary for IHF-indu
ending.
In summary, the influences of DNA structu

hat are shown to modulate the affinity of IH
inding, bending, and twisting have signific

mplications for the function of IHF as a reg
atory factor in many DNA reactions. Since IH
inding is modulated by DNA structure, it h
dapted to binding to a wide range of
uences, since conformation specification is
enerate. This may reduce the number of

ational steps required to create an IHF bind
ite and the sequestration of IHF as a functio
ember in nucleoprotein complexes.
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