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ABSTRACT

The interaction of E. coli's Integration Host Factor (IHF) with fragments of lambda DNA containing
the cos site has been studied by gel-mobility retardation and electron microscopy. The cos fragment
used in the mobility assays is 398 bp and spans a region from 48,298 to 194 on the lambda chromosome.
Several different complexes of IHF with this fragment can be distinguished by their differential mobility on
polyacrylamide gels. Relative band intensities indicate that the formation of a complex between IHF and
this DNA fragment has an equilibrium binding constant of the same magnitude as DNA fragments con-
taining lambda’s attP site. Gel-mobility retardation and electron microscopy have been employed to show
that IHF sharply bends DNA near cos and to map the bending site. The protein-induced bend is near an
intrinsic bend due to DNA sequence. The position of the bend suggests that IHF's role in lambda DNA
packaging may be the enhancement of terminase binding/cos cutting by manipulating DNA structure.

INTRODUCTION

As part of its reproductive cycle, bacteriophage lambda incorporates the viral DNA chromosome
into a preformed protein shell called a prohead. This process is called DNA encapsidation (for a review
see 1). The virally-encoded protein which recognizes the lambda DNA packaging signal to initiate the
process is terminase (2). The signal on DNA is called cos and consists of cosN, the nicking site, and
cosB, the site where terminase initially binds (3).

Purified terminase cannot cut cos in the absence of host proteins (4). Two such proteins are the
terminase host factor (THF) and integration host factor (IHF) (5). THF is a small, basic protein which binds
lambda DNA near cos (6).

IHF is a basic, heterodimeric protein of 21,800 kilodalton, encoded by the himA and himD genes
of E. coli (7, for a review, see 8). Itis a sequence-specific DNA-binding protein, which is essential for
lambda site-specific recombination into and out of the E. colichromosome (9). In addition IHF has been
shown to participate in many other cellular processes,such as the initiation of replication (10,11), trans-
position (12) and the regulation of gene expression (13,14,15).

In site-specific recombination, IHF binds to three sites near attP and assists in the formation of a
nucleoprotein complex which guarantees precision of the endonucleolytic cleavages (16,17). Using
gel-mobility retardation, IHF has been shown to bend DNA at two of these sites (18) and also at the
pSC101 origin of replication (11).

The sequence of lambda encompassing cos (Fig. 1) contains several near-matches (19) to the
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IHF consensus sequence, PYAANNNNTTGATa/t (20,21), and many of these sites (11,1213, and 14) can
be protected by IHF from DNase nicking (22). The IHF footprints near cos are interspersed among foot-
prints (R sites) of the gpNu1 subunit of terminase (23). This array of interspersed DNA binding motifs is
analogous to the situation at attP with IHF and other proteins.

The importance of IHF in terminase action has been demonstrated in several ways. In recA defi-
cient cells, terminase nicks sites in the bacterial chromosome, but mutations in either himA or himD allow
cells to survive this lethal effect (24).

Although wild type lambda grows in IHF deficient cells, the burst size is only 25% of that in wild
type cells (19,25). A mutant of lambda, cos 154, is IHF-dependent for growth. The mutation is a single
base pair substitution within one of the sequences footprinted by gpNu1 (19). Another IHF-dependent
mutant, cos 59, is a deletion of three base pairs in the IHF-binding site 12 (25), that is, outside the ter-
minase-binding sites. IHF-independent pseudorevertants of cos 59 were found to be point mutations in
the Nu1 subunit of terminase (26). Exactly the same mutation in Nu1 was found in a A mutant selected
for its ability to grow on E. coli himA gyrB at 420C, conditions under which A wild type does not grow
(27).

Thus, the combined genetic and biochemical data suggest that IHF plays a role in lambda DNA
packaging either by altering the DNA structure around cos or by establishing protein: protein interactions
with terminase, or both.

To investigate further the role of IHF in lambda DNA packaging, we have studied the binding of
IHF to cloned fragments of lambda DNA using gel electrophoresis (28,29) and electron microscopy (30).
Our data suggest that the binding of IHF to cos DNA is complex and dependent on both buffer compo-
sition and temperature. In addition we found that IHF sharply bends DNA near cos at I1 (Fig.1) and that
the bend lies close to a sequence-induced bend in the DNA fragment.

MATERIALS AND METHODS
Cells and Plasmids

Cells were grown on Luria-Bertani medium at 37°C. Three plasmids have been used to prepare
DNA fragments for the experiments reported here. Plasmids pBW10 and pLK1010 were maintained in
E. coliGM2929, a dam-, dcm- strain constructed by Martin Marinus; pWP14 was maintained in JM101
(31). pBW10, a construct from Michael Feiss (3), is a derivative of pACYC184 and contains 700 bp of
lambda DNA (32), spanning the cos site, from a BcA site at coordinate 47,942 to an EcoRl site resulting
from a single base substitution at position 194. Cutting pBW10 with EcoRI and Hindl produces a frag-
ment of 398 bp which spans the cos site.

A plasmid containing a tandem duplication of this 398 bp fragment pLK1010, constructed by li-
gating EcoRl linkers to the Hincll terminus and cloning the resulting fragment into the EcoRI-cut pBW10.
The clone was identified by its size and its ability to produce the 398 bp fragment when the plasmid was
cut by any restriction enzyme which cut the original fragment at a single site.

The DNA fragment used for electroh microscopy was prepared from the plasmid pWP14 (33).
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This plasmid was constructed by inserting the coscontaining Hinc Il fragment of bacteriophage lambda,
from lambda coordinate 48,298 to 199, into the Hindll site of pUC9. A fragment containing cos was ex-
cised from pWP14 by digestion with Pwull.

Preparation of DNA

Plasmids were released from cells by boiling after Triton-lysozyme lysis (34) or by means of an
alkaline extraction procedure (35). They were purified by ethidium bromide-cesium chioride density gra-
dient centrifugation (34). To prepare DNA fragments, plasmid DNA was cut with the appropriate restric-
tion enzymes, under conditions recommended by the manufacturer (either Bethesda Research Labor-
atory, Boehringer Mannheim or New England Biolabs). The fragments in the digest were separated by
electrophoresis in agarose (SeaKem, GTG, FMC Corp.). Bands containing the fragments of interest were
cut from the gel. For binding studies, the DNA was eluted from the gel slices into a sink of 160}l of
saturated ammonium acetate, at 100 V, for 15 minutes using an IBI EA electroeluter. The DNA was fur-
ther purified by phenol extraction and ethanol precipitation to produce a translucent, salt-free DNA pellet.

For electron microscopy, the fragment was isolated using NA-45 (DEAE) membrane (Schieicher and
Schuell, Inc.). The 704 bp Pvu Il fragment was further purified by Elutip-d elution (Schleicher and
Schuell, Inc.) and ethanol precipitation.

Labelling DNA Fragments

DNA fragments were labelled at their 5' ends using T4 polynucleotide kinase (PL Biochemicals)
and Y-32P-dATP (New England Nuclear) using the procedures for 5' protruding ends or biunt ends de-
scribed in Maxam and Gilbert (36).

IHE P "

Integration Host Factor was purified from an overproducer strain constructed by Nash et al. (37)
according to the author's recommendations. Protein for some experiments was purified in our laboratory
and for others was a gift from Howard Nash. Regardless of source, the IHF was 95% pure with no con-
tamination of HU, a histone-like protein of E. coli.

IHE:DNA Binding Reali

Two different reaction buffers were used. The spermidine buffer system combined 16 Ll of DNA
in 41.4 mM Tris, pH 8.3, 58 mM KCl, 0.8 mM NagEDTA, 6.3 mM spermidine-HCI, 1.25 mg/ml bovine ser-
um albumin (BSA) with 4 Ll of serially diluted IHF in 50mM Tris, pH 7.4, 800 mM KCI, 30mM NasHPO4,
9mM KH2P0y4, 10%glycerol. This combination reproduces the binding buffer first described for IHF (7).
The magnesium buffer system combined 10 |l of DNA in 52 mM Tris, pH 7.4, 70 mM KCI, 1.1 mM
NagEDTA, 1.0 mM (-mercaptoethanol, 7 mM MgCl, 200 Jug/mi BSA, 10% glycerine, with 10 Jul of ser-
ially diluted IHF in the same buffer. This buffer is essentially the same as described for DNase footprint-
ing of IHF sites (20), except for the absence of calcium. Using either system, the DNA concentration in
the reaction mixture was 0.5 to 5.0 nM, and the IHF concentration ranged from 0.01nM to 500 nM.

Before incubation, protein and DNA were separately maintained at 0°C. Solutions were carefully
mixed by gentle agitation to avoid foaming. The mixtures were incubated at 25°C for 20 or 30 minutes
and immediately loaded, without any addition of dye or weighting solution, onto a polyacrylamide gel,
with the current on to rapidly trap protein-DNA complexes within the matrix of the gel.
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Gel Electrophoresis

The analysis of protein: DNA complexes by polyacrylamide gel electrophoresis was done on 5%
gels (29:1, acrylamide:bis-acrylamide) in a modified TBE buffer (50 mM Tris-base, 120 mM boric acid, 2
mM NasEDTA, pH 8.2) for a final pH of 8.1, measured at either 25°C or 4°C.

Gels were either 28 x 10 x .14 cmor 13.5 x 10 x .14 cm and ran at constant power at 2-3 watts. Fol-
lowing electrophoresis, gels with labelled DNA fragments were transferred to Whatman #1paper and
dried at 60°C in vacuo. For autoradiography Kodak XAR-5 film and Dupont Cronex lightening-plus inten-
sifying screen were used. For quantitative measurements of band intensity,autoragraphic films were
scanned with a Zeineh softlaser scanning densitometer, Model SLR-2D/1D.

Electron Microscopy

Copper grids (Veco, 400 mesh) were prepared following the technique of Williams (30). The grids
were coated with polyvinal formal (formvar, JBS Scientific Inc.) and subsequently coated with carbon.

The filmed grids were subjected to glow discharge at about 100 millitorr for 20-30 seconds. Polylysine
(Sigma Chemical Corp., molecular weight of 3600), diluted to 1jug/ml in water, was placed on the grid (5
M) for 30 seconds and removed by aspiration. The grids were allowed to dry before sample application.

The dilution buffer and incubation buffer used was 20 mM Bis-tris-propane (pH 7.2), 10 mM
MgCly, 25 mM KCl and 15 mM $3-mercaptoethanol. Mg++ is essential for DNA absorption to the grid. The
DNA was diluted to 15 ug/ml in this buffer. The IHF preparation was diluted to 22 pg/ml. Equal volumes
(about 5ul) of each DNA, IHF solution and buffer were mixed and allowed to sit at room temperature for 5
min. This corresponds to a molar ratio of DNA to IHF of about 1:20. The solution was diluted 10-fold fur-
ther for absorption to the polylysine-treated grids. After a 5 min absorption period, the solution was aspi-
rated off, and the grid was rinsed with 4 drops of distilled water. Uranyl acetate (5% in water) was applied
for 15 sec and subsequently removed, followed by 3 more washes with a drop of water. The grids were
lightly rotary shadowed with Pt/Pd wire (JBS Scientific, inc.) at an angle of 10° and a source- to-sample
distance of 10 cm. Electron microscopy was performed on a Hitachi H7000 electron micro- scope, with a
primary nominal magpnification of 40,000 X, using Kodak Electron Micrograph Film. The negatives were
projected onto a screen so that total magnification was 532,000 X as determined with an electron micro-
graph with a crossed diffraction grating with 2,157 lines/mm. Individual DNA molecules were traced, and
contour lengths were measured with a Numonics Digitizer.

BESULTS
Gel Mobility R fati

The cos DNA fragment (Fig. 1) has several sites with near matches to the IHF consensus site (20,
21) that can be footprinted by IHF (22). A titration of this fragment with increasing amounts of IHF should
produce multiple IHF-DNA complexes resolvable by gel electrophoresis. The relative mobility of these
complexes would suggest the stoichiometry of IHF-DNA interaction under these conditions, while the
relative band intensities would give the equilibrium binding constant for each complex. Fig. 2 shows an
autoradiograph of such an experiment. Each lane
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The thick line represents the 398 bp fragment used in these experiments. The sequence
cleaved by terminase to produce the cohesive ends of the lambda chromosome is indicated by cos. The
sequences protected from nicking by DNase | by IHF and by the gpNu? subunit of terminase are indi-
cated by I1, 12, I3, and 14, and by R1, R2, and R3, respectively. The direction of the arrows and the posi-
tion of the label, above or below the line, indicates the polarity of the consensus sequences within the
protected site. The thin line below represents a restriction map of unique sites within the region. In the
lambda chromosome, the Hincll cut site is found just after base 48,298 while the EcoRl cut site corre-
sponds to a cut just after position 194.

shows the complexes produced by a combination of end-labelled DNA, 1.1 nM, and increasing con-
centrations of IHF. The actual IHF concentrations in the mixtures ranged from 0.1 nM to 400 nM. For
comparison, if one assumes that there were 1000 molecules of IHF per cell of E. coli (38), then the intra-
cellular concentration of IHF would correspond to 1.5 uM. Under these conditions, three bands, A, B,
and C, of lower mobility than free DNA were resolved by electrophoresis. Densitometry of three repre-
sentative lanes from Fig. 2 more clearly distinguishes the three bands and the shift of DNA from one band
to the other as the IHF concentration increases (Fig. 3). Complex formation is observed at IHF concen-
trations far below the concentration (45 nM) needed to protect the strongest IHF-binding site (I11) from
nicking by DNase (22).

The sharpness of the bands indicates that the complexes seem to be stable over the six hours of
electrophoresis. The mobility shift observed is greater from free DNA to A, than from either A to B or from
Bto C. This same pattern is seen for catabolite activator protein (CAP) binding to a /ac promoter region
with multiple specific binding sites (39).

The pattern of complexes formed is substantially the same using either the spermidine or the
magnesium binding buffers. Although this experiment was run at 4°C, at 25°C, B and C are less shamp.
Perhaps these complexes are more sensitive to temperature (data not shown).

The binding of IHF to cos DNA is sequence-specific. If IHF is added to a mixture of two DNA
fragments, the IHF preferentially binds and retards the fragment containing matches to the IHF consen-
sus binding site. Figure 4 shows the results of combining the 398 bp cos DNA fragment with the Bam HI -
Sal | fragment of pBR322, which contains no IHF sites. At low IHF concentrations, the cos fragment is
retarded, forming Complex A. As the IHF concentration is increased, higher order complexes are ob-
served. At IHF concentrations where most of the cos fragment is bound, the pBR322 fragment begins to
form non-specific complexes. Only at sufficiently high concentrations of IHF can non-specific binding en-
gage all of the pBR322 fragment in a protein-DNA complex.
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The molar ratio of IHF to DNA in each mixture is indicated above the lane. The mobility of free DNA
and of three IHF:DNA bands resolved by electrophoresis are indicated by the labels on the left. The poly-
acrylamide gel was run at 4°C.

To quantitate the specificity of binding, the free DNA bands were scanned by laser densitometry
and the integrations were used to calculate the fraction of each DNA fragment bound to IHF in each mix-
ture, relative to the total amount of DNA bound (Figure 5). Any non-specific binding would be expected
to affect both fragments equally, but IHF would be expected to bind specifically only to the cos DNA.
Specificity would be indicated by a preferential binding of IHF to the cos DNA fragment disproportionate
to its representation in the input mixture of the two DNA fragments. At low IHF concentrations, the spe-
cificity ratio indicates a preference for cos DNA. At 20nM, when nearly all of the cos fragment is bound in
IHF complexes, non-specific binding to the pBR322 fragment becomes significant. At 50 nM all DNA of
both fragments is bound, and the specificity ratios converge at the proportion found in the input mixture
of the two DNA fragments (1.00). Taken together, Figures 3 and 4 suggest that at concentrations of IHF
sufficient to produce complex A and, perhaps, B, protein binding is sequence-specific. At higher IHF
concentrations, complexes C and D may result from non-specific protein-DNA or from protein-protein
interactions.
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The overtappmg of the three tracings shows the shm tmm tree DNA to more slowly migrating
bands (A, B, C, D) as the molar ratio of IHF to DNA is increased. The molar ratios of IHF to DNA shown are
0.2, dashed line; 2.6, alternating long-short dashes; 21, solid line.

In Fig. 2, at very low ratios of IHF to DNA, two bands, A and B, were observed, and the relative
amount of each was not changed significantly over several dilutions of IHF. This pattem is also seen in
CAP binding to a multi-site fragment where the use of labeled protein established that both bands were
1:1 complexes of protein and DNA. This result suggests that A and B complexes could result from IHF
binding to different sites on the cos fragment, for instance to I1 and to the second strongest binding site,
12 (see Fig. 1).

If A represents a 1:1 complex of IHF to DNA, then B might represent a complex containing more
than one IHF molecule bound per fragment. Using a densitometer to measure the fraction of DNA pre-
sent in the three bands (free, A and B) for each mixture with an input ratio less that one, it is possible to
calculate equilibrium binding constants for the formation of A and B (39). Although we have not exten-
sively studied the kinetics of IHF interaction with cos DNA, we have increased the time of reaction by 50%
without noticing an effect in the amount of DNA bound. The densitometric values were used to calculate
the proportion of DNA in the complex.

The data can be modeled in several different ways. If we assume that both A and B are formed by
one IHF molecule binding to one molecule of DNA and that A cannot directly convert to B, then A and B
are both in equilibrium with free DNA and free IHF, where the free IHF is equal to the IHF added minus the
portion bound to form A and B (39) as follows:

DNA +IHF 2 A
DNA +IHF # B

The log of the inverse of the equilibrium binding constant is equal to the x-intercept in a plot of the

log [(DNA bound)/(DNA free)] versus the log [IHF free]. Using this model, we have calculated the binding

323



Nucleic Acids Research

IHF concentration 0 2 5 10 20 50

IHF-DNA complexes

398 bp cos DNA

276 bp (pBR322) |

The 398 bp cos DNA fragment and the 276 bp Bam H1-Sah fragment from pBR322 were com-
bined with various concentrations of IHF, and complexes were separated from the free DNA fragments by
gel electrophoresis. The IHF concentrations shown are 2nM, 5nM, 10nM, 20nM and 50nM. At 2nM com-
plex A is observed; at 5nM complex B appears. Higher order complexes are observed when the almost
all of the cos DNA is bound; non-specific binding to the pBR322 fragment occurs at the same high IHF
concentrations.

constant for the formation of A as 1.0 x 109 M-1 and for the formation of B, as 4.7 x 108 M-1 in the sper-
midine binding buffer. In the magnesium buffer the binding constant for the formation of A is reduced by
a factor of 10 (data not shown).

A second model assumes that A is a complex containing one molecule of IHF and one cos frag-
ment, that B contains 2 IHF molecules per cos fragment, and that B is in equilibrium with free IHF and free
DNA, as follows:

DNA + IHF 2A
A+IHF 2B
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For each ot the two DNA fragments used in the expenmem shown in Fug 4, the spacificity ratio is
calculated as the ratio of the (fractional contribution of that fragment to the total DNA bound) to the (frac-
tional contribution of that fragment to the input mixture of DNA). If binding is random, the fraction of each
DNA fragment bound should equal the representation in the input mixture, and the specificity ratio is e-
qualto 1.00. Atany IHF concentration, the relative deviation of the specificity ratios from 1.00 is an indi-
cation of the specificity of binding in that mixture.

The log10KB is the negative of the x-intercept of a plot of log10([BJ{A]) versus log1olfree IHF],

where now
[free IHF] = [IHF added] - [A] - 2[B]

The determination of the equilibrium binding constant for A must consider that [A] increases along

with the [free DNA] but decreases with an increase in [B]. Thus,
Log10KA = (-1)log10KB - (x-intercept)
where the x-intercept now comes from a plot of log10([B)/[free DNA]) versus log1glfree IHF].

Taking these considerations into account, we have calculated an equilibrium binding constant for
the formation of A as 1.5 x 109 M-1 and for B, 1.8 x 108 M-1.

Protein-Induced Bending of the DNA

The degree of retardation of band A is disproportionate to the effect expected when one molec-
ule of IHF is added to a 398 bp fragment (28). The additional 21,800 daltons should only add about 8%
(equivalent to approximately 33 bp) to the molecular weight of the DNA alone. This suggests that IHF
affects the conformation of the cos fragment by inducing a bend near the center of the DNA molecule
(40, 41).

To test if IHF bends the cos fragment, the 398 bp fragment was cloned in tandem, and the tandem
clone was cut with a variety of restriciton enzymes to generate a population of cos fragments, all of the
same size but with permutations of the sequence found in the original cos fragment. In this way the loci
of the various IHF binding sites could be altered relative to the ends of the fragment. These fragments
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End-labelled 1ragments of each permutahon of the cos fragment sequence, in the spermidine
binding buffer, with and without added IHF, were electrophoresed at 4°C. The amount of IHF added in
each case was chosen to convert some of the DNA in the mixture to IHF:DNA band A, leaving some DNA
unbound. The label over each pair of lanes indicates the restriction enzyme used to prepare that DNA
fragment. From left to right: EcoRl, SfaNl, Hgal, FnudHI, FnuDIl, Xmnl, Dral.

were used to determine whether IHF bends the DNA and to map the bending locus on the multi-site frag-
ment.

When IHF is added to each of these permutations and the complexes are resolved by gel electro-
phoresis, the slowest moving permutation will be the fragment with a bend near the center of that se-
quence, while the fastest permutation will be the fragment with the bend closest to an end. Figure 6
shows the results of such an experiment.

Figure 6 shows an autoradiogram of eight permutations of the cos fragment with and without IHF.
Figure 7 is a plot of densitometer scans of the eight + IHF lanes, with the location of complex A in each
lane indicated by the arrow. Only a small amount of IHF was added to each fragment, leaving most DNA
unbound, to ensure that the retarded complex represented complex A. To further guarantee that the
IHF-cos complex observed was not one of the higher order complexes (B or C in Fig. 2), this experiment
was also performed under conditions in which Complex B is not observed at low IHF concentrations. No
effect was seen on the degree or the locus of bending (data not shown).

A plot (Fig. 8) of the mobility of the IHF-DNA complexes versus the restriction map of the tandem
clone indicates a shamp bend located most closely to I1. There is a small variation in the mobility of the
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Electron Microscopy of the IHF-cos Complex

In the presence of IHF, the DNA assumed a characteristic configuration, a very acute bend near
one end of the molecule. In representative fields, (Fig. 9) in the presence of IHF, 23% (88 out of 384) of
the DNA molecules had the characteristic bend, while in the absence of IHF only 3.9% (8 out of 207) of
the molecules had a bend of similar appearance around the expected region of the DNA fragment.

The + IHF Ianes in Fsg 6 were swnnod by demitometry In ordef to compensate for the different
amounts of label in the eight preparations of the permuted cos fragments, the densitometer gain was ad-
justed for lanes FnuDIl, Xmnl and Dral, to maximize intensity at the level found in the free DNA band in the
corresponding - IHF lane. The arrows over the peaks of IHF-DNA complexes correspond to the location
of complex A and was the point used to measure the relative mobility of the complex formed with that:

DNA alone which must be due to a sequence-induced bend in the cos fragment itself (40,41). However,
the sequence induced bend is slight compared to the dramatic alteration in mobility when IHF is bound to
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The graph shows the relative mobility of the permuted cos DNA fragments plotted against the
restriction map of the sequence, averaged for five separate experiments, both at 4°C and at 25°C. The
relative mobility is the (distance migrated by any band) divided by the (distance migrated by the EcoRI cut
fragment without added IHF) multiplied by -1. The emror bars represent the standard deviation of the mea-
surements. Mobility of DNA without added IHF, filled diamonds; with added IHF, band A, open squares.
The data points mark the following restriction enzyme sites, from left to right: Hgal, Avall, Hphl, (without
IHF only), FnudHI, FnuDIll, Xmnl, Mboll(without IHF only), Dral (with IHF only), EcoRl, SfaNI, Hgal.

The 704 bp fragment contains IHF binding sites and /acP approximately equidistant from the two
ends of the molecule; therefore, it was possible that the kink in the DNA was at the RNA polymerase
binding site at /acP. Micrographs of fields of DNA, complexed with IHF and RNA polymerase confirmed
that the two proteins bind to different ends of the DNA molecule (data not shown). In addition, another
DNA fragment from pWP14, lacking /acP and extending from the Hindlll site adjacent to the Hindll site
(Fig. 10) in the pUC9 polylinker to the Pwull site, was also used. Electron micrographs of this shorter
fragment incubated with IHF showed the characteristic bend in the DNA in about the middle of the molec-
ule, thus indicating that the bend is not occuring at /acP (data not shown).

The contour lenghts of a total of 235 distinct molecules were measured; 102 of these molecules
have definite, characteristic bends. In order to determine the position of the bend in these molecules,
the DNA contour length of the shorter arm to the bend was divided by the total length of the DNA frag-
ment and multiplied by 704 (the total length of the DNA molecule in base pairs). Since the orientation of
the Hindll lambda cos fragment in pWP14 is known, it is possible to calculate the lambda coordinate
where the bend occurs. A histogram of the bend position is shown in Figure 10. The points in the histo-
gram cluster around the lambda coordinates 76 to 110; the average bend position is coordinate 90+19.

The average length of the measured DNA molecules was calculated to determine if the binding of
IHF appreciably changes the length of the DNA. The average length of the 102 bent molecules is
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245.9+13.0 nm; the average length of the unbent molecules is 246.3+11.6 nm, whereas the average
length of all molecules is 246.1£12.2 nm. Hence, the binding of IHF to the DNA does not appear to signi-
ficantly shorten the DNA. The calculated length of a 704 bp fragment of B-DNA is 239 nm (assuming a
rise of .34 nm per base pair).

DISCUSSION

We have shown that E. coli's IHF forms complexes with a cos DNA fragment of bacteriophage
lambda. Three bands of IHF-DNA complexes are well resolved by polyacrylamide gel electrophroesis.
The formation of these complexes occurs at IHF concentrations which reasonably represent the avail-
ability of IHF within the cell, and at concentrations two orders of magnitude lower than needed to protect
specific cites on cos DNA from nicking by DNase (22). The equilibrium binding constants for the forma-
tion of the IHF-cos DNA complexes are as strong as for the binding of IHF to attP of lambda (42). The
addition of IHF to cos DNA produces an altered conformation which gel mobility retardation and electron
microscopy show to be a sharp bend near site I1.

11 is the strongest IHF-binding site (22), but none of the IHF-binding sites around cos perfectly
matches the consensus sequence (20, 21). Even the two overlapping matches at the strongest site
differ from the consensus by one and two base pairs. /In vitro mutagenesis work in two laboratories
(42,43) has suggested that alteration of the central adenines (positions -3 and -4), the central thymines
(postions +3 and +4) or the adjacent guanine (+5) is sufficient to disrupt binding in vitro and function in
vivo at attP. Yet around cos those changes do not seem to be as disruptive. One of the two I1 matches,
I1A, has A not T at position +3, and the other, I1B has T not G at position +5. 12 also has a substitution
for the G at +5, but footprinting results indicate that binding is weaker at 12 than at I1. Perhaps the
flanking sequences around the consensus make significant contributions to IHF binding. Experiments
with site-directed mutagenesis around the IHF binding sites of IS1 suggest that this is so (Pierre Prentki
and David Galas, personal communication).

Two simplified models were presented for the formation of complexes in bands A and B in order
to calculate an equilibrium binding constant for A, and also for B. Modeling B as either 1:1 or 2:1 complex
generates reasonable equilibrium binding constants, but the implications of the two models are different.
For a 2:1 complex to form at ratios of IHF to DNA much less than 1, IHF would have to bind cooperatively.
Although there is no direct evidence of cooperativity, there are some hints that band B represents 2:1
complexes. Fig. 3 shows that band B increases and band A decreases when IHF concentration is in-
creased from 0.2 nM to 2.6 nM. Secondly, band B is also observed in gel retardation experiments with a
DNA fragment from pLW142 (3), which bears an 11 bp deletion encompassing I2. (L. D. Kosturko,
unpublished data). Since DNase protection studies (22) show that 12 is the second strongest IHF bind-
ing consensus site near cos, we might expect a second 1:1 complex to utilize 12. Lastly, band B, but not
band A, is sensitive to gel temperature suggesting that the presence of band B may depend on inter-
actions (protein-protein) not needed to form a 1:1 complex (band A).
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The resolution of this matter will require a study of the individual IHF binding sites. By cloning
each site separately into a neutral background and comparing the strength of binding of each site indi-
vidually, we may be able to better characterize the complexes formed with the multi-site fragment. The
same experiments may also be used to determine whether IHF binds cooperatively. With other con-
structs we can determine whether the cooperativity requires more than one site on the DNA and how the
cooperativity varies with the distance between the sites. In addition, a comparison of the footprint of the
regions protected by IHF in the DNA of band A with that of band B may help to dissect the interaction.

Since the cos DNA fragment has multiple sites for IHF, we might expect that IHF slides among the
sites, as was found for IHF binding to afragment of pBR322 (44). Our data neither prove nor disprove
sliding, but the breadth of the bending curve (Fig. 6) and the distribution of bends as observed in the
electronmicroscope (Fig. 10) might be taken to indicate that IHF, though bound predominantly at I1,
could slide between I1 and I2.

The results presented show that cos contains sequences that cause a moderate intrinsic bend in
the DNA. In addition, IHF introduces near cos a sharp bend as determined by the variable decrease in
electrophoretic mobility and by direct visualization using electronmicroscopy. The angle of the bend, €
(epilson), as determined by electronmicroscopy is about 140°. At the atomic level an angle, A@, can be
defined as the change in the tangents to two points in the axis of the double helix separated by a
distance, As. The curvature (K) at the point has been defined as AQ/As (45). As can be taken as the
distance between two adjacent base pairs, measured from the points at which the axis of the double helix
intercepts the planes formed by the base pairs, and A would then be the change in orientation of one
base pair plane with respect to the other. The observable angle, €, is equal to the sum of the AD within
the sequence that contributes to the angle. At the electronmicroscopic level, the number of base pairs
within the curvature that forms the angle € is not defined. However, from the electronmicrographs it can
be estimated that no more than 40 bp are involved. Therefore, the individual average AQ must not be
smaller than 140°/40 = 3.5°.

The bend of 140° is comparable to the degree of bending produced by CAP at the /ac promoter
(46, 47). CAP binds as a 45 kdalton dimer which is twice the size of the IHF heterodimer. Molecular
modeling suggests that DNA wraps around CAP, resulting in a bend (48). How IHF induces such an
alteration in DNA structure remains to be elucidated.

If DNA wraps around the surface of the protein (which might explain how IHF protects segments of
DNA sequence far larger than its consensus), then flanking sequences may be expected to contribute to

A Represemative ﬂeld of IHF mcubated wlth the 704 bp fragment of cos-containing DNA. The
arrows indicate typical bent DNA molecules. B. Representative field of the 704 bp fragment in the
absence of IHF. This field also contains DNA-bound and free molecules of A terminase. C. Repre-
sentative field of E.coli RNA polymerase bound to the 704 bp fragment of DNA. Binding occurs at Plac
(filled triangle) and at the ends (open triangles).
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The top line shows the general features of lhe 704 bp DNA lragment Irom pWP14 In the middle
line the region of the central portion of the fragment has been expanded to show the components of the
cos region. The bottom diagram is a histogram of the distribution of the bend positions (see text). The
smallest bars correspond to a frequency of 1.

the effect. Perhaps mutations introduced in flanking sequences will have a greater effect on bending
than on binding itself.

What role does IHF play in lambda DNA packaging? IHF could manipulate DNA structure or bind
cooperatively with terminase or both. Shinder and Gold (personal communication) have found that
gpNul and IHF bind cooperatively near cos. The strongest gpNu/ site is R3, which is adjacent to I1.
However, destabilization of terminase binding at R1 (cos 154) not R3, determines stringent dependency
on IHF.

As a model to explain these results, we propose the following: IHF binds to I1 (and to the other
sites?) and introduces a bend (s) in the DNA. The bend brings R3 closer to R2 and R1 allowing protein-
protein interactions between terminase monomers at those sites stabilizing binding at the weaker sites
(7).

In the absence of IHF, such an interaction is not impossible, merely less common because of the
intrinsic curvature of the DNA sequence near cos, which could serve as a point of flexibility. Thus, in the
absence of IHF, the burst size is reduced four-fold. Whether in vivo THF (5) is essential for the residual
terminase activity in IHF-deficient cells is not known. Alterations at the 12 site (c0s59), which would be
expected to affect sequence-induced bending, result in IHF-dependent phage growth; this supports the
idea that the sequences near 12 and IHF binding near I1 are interchangeable to some extent. The alter-
ation in Nul/which makes the cos59 mutant IHF-independent may produce a terminase with an enhanced
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ability to interact cooperatively, able to bind to the three sites and bend the DNA without the need for
auxiliary proteins.
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