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Integration host factor (IHF) is a small, basic protein that is needed for efficient recombination of
bacteriophage A, as well as for other host and viral functions. We have constructed strains in which the two
subunits of IHF, encoded by the himA and hip genes of Escherichia coli, are expressed under the control of the
X PL promoter. Separate overexpression of himA and hip led to the production of unstable and insoluble
peptides, respectively. In contrast, the overexpression of both genes conjointly led to the accumulation of large
amounts of active IHF. Extracts of such cells provided the starting material for a rapid purification procedure
that results in milligram quantities of apparently homogenous IHF.

The DNA of bacteriophage A integrates into the chromo-
some of its Escherichia coli host during the establishment of
the lysogenic state (2). Early genetic studies (for a review,
see reference 8) showed that a phage gene, int, is essential
for this site-specific recombination, and subsequent bio-
chemical studies uncovered an essential contribution from
the host (15, 17). One of the required host proteins, integra-
tion host factor (IHF), is a direct participant in site-specific
recombination reactions (10, 14). IHF appears to be a dimer
containing two small, nonidentical polypeptides, IHF-a and
IHF-, (18). The genes for these polypeptides, himA for
IHF-a and hip (or himD) for IHF-P, are located far apart
from each other on the E. coli chromosome (14). Recently,
both genes were cloned and sequenced (5, 12). The binding
of IHF to attP, the segment of the lambda chromosome that
is essential for integration, is needed for efficient recombi-
nation (3, 7), but the way in which IHF binding activates
attP is unknown. IHF also appears to be important for many
processes other than lambda integration (for reviews see
references 4 and 6). In some of these cases, an IHF-binding
site is found at a position that suggests a direct involvement
of IHF in the process; in other cases, the role of IHF is
unclear.
IHF is not an abundant protein, and it has been difficult to

obtain substantial quantities of highly purified material (18).
In this paper, we describe the construction of strains in
which both subunits of IHF are placed under the control of
a regulatable promotor. We show that when these strains are
induced, large amounts of active IHF accumulate. A simple
purification scheme starting with such induced cells leads to
large amounts of homogeneous material. Interestingly, the
overexpression of each gene separately was not a usable
method for overproducing the active protein; the presence of
stoichiometric amounts of IHF-ac appears to solubilize intra-
cellular IHF-P, and the presence of stoichiometric amounts
of IHF-, appears to stabilize intracellular IHF-oa. This
finding provides further evidence that the two subunits
interact directly in vivo and offers a cautionary note to
workers attempting to overproduce other proteins that are
composed of more than one kind of subunit.

* Corresponding author.

MATERIALS AND METHODS

Construction of plasmids and description of strains. To
overproduce IHF-a, the himA gene was inserted down-
stream from the PL promoter, as diagrammed in Fig. 1.
Transformants of strain K5607, a lambda lysogen of strain
C600himA42 that had received the desired plasmid, were
identified by screening ampicillin-resistant transformants for
the ability to grow bacteriophage Mu (13). DNA was pre-
pared from himA+ transformants (1), and the orientation of
the himA gene was determined by restriction enzyme cleav-
age. Plasmid pPLhimA-1, which has the himA gene in the
proper orientation for expression by the PL promoter, was
transformed into strain N5271, which contains a cryptic
lambda prophage expressing the c1857 thermoinducible re-
pressor (5), to yield strain K5770.
To overproduce IHF-,B, we used plasmid pKT23-hip323,

which contains a fusion of the IHF-,-coding sequence to the
bacteriophage lambda PL promoter (Fig. 1). pKT23-hip323
was introduced into N5271 to give strain E443 (5). To
facilitate the selection of pKT23-hip323 in the presence of
another plasmid, we changed its selectable marker from
ampicillin resistance (bla+) to chloramphenicol resistance
(cat'). A cat-containing fragment was isolated from plasmid
pBR325 as described by Flamm and Weisberg (5) and was
inserted into the unique ScaI site in bla. The ligated DNA
was introduced into strain E403, which carries a hip muta-
tion and which synthesizes temperature-sensitive X repres-
sor (5), and chloramphenicol-resistant transformants were
selected at low temperature. One such transformant (E735)
was hip' and ampicillin sensitive; it therefore appears to
carry a bla cat' derivative of pKT23-hip323 (pE735).
To generate a strain that overproduces both subunits of

IHF, we transformed E735 with plasmid pPLhimA-1, select-
ing a transformant (E738) that had become ampicillin resist-
ant and had retained chloramphenicol resistance. The gen-
eration of a second strain that overproduces both subunits of
IHF depended on the construction of plasmid pPLhip himA-
5, which was made as diagrammed in Fig. 1. himA+
transformants of strain K5607 were identified as described
above, and the plasmid DNA was analyzed by restriction
digestion. In all cases where the plasmid structure was
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FIG. 1. Structure of plasmids that overproduce the himA and hip gene products. Plasmid pKT23-hip323 (5), plasmid pAD284 (9), and the
transducing phage which was used as a source of the himA fragment (12) have been described. Only restriction sites relevant to the
construction are shown. RI, EcoRI; dNTPs, deoxynucleotide triphosphates.

obvious, two copies of himA had been ligated as a tandem
direct repeat into the vector. It is not known if the presence
of two copies of the himA gene on this plasmid is demanded
by the selection, but it should be recalled that a single copy
of the himA gene in plasmid pPLhimA-1 is sufficient to
complement a himA mutant. Plasmid pPLhiphimA-5 was
used to transform strain N5271 to yield strain K5746.
Growth, extraction, and labeling of cells. Cells were grown

in shaking water bath at 31°C in TBY medium (10 g of
tryptone, 5 g of yeast extract, and 5 g of sodium chloride per
liter). At mid-log phase (optical density at 650 nm, ca. 0.6),
the cells were shifted to a 42°C water bath and shaking was
continued. Typically, 300 ml of culture was centrifuged and
suspended in 0.6 to 0.9 ml of TEG (20 mM Tris hydrochlo-
ride [pH 7.4], 1 mM sodium EDTA, 10% glycerol) containing
20 mM NaCl. The cells were disrupted with six 20-s bursts of
sonication, with 40 s between each burst. A portion of the
sonic extract was centrifuged in a Sorvall SS34 rotor for 20
min at 15,000 rpm. Samples of the sonic extract were
analyzed by sodium dodecyl sulfate (SDS) gel electrophore-
sis as described previously (11). The IHF activity of the
extracts was assessed as described before (18) by the inter-
molecular recombination assay, except that purified Int was
prepared as described previously (16) from a strain carrying
the himAA82 allele (12). Pulse-labeling of proteins with
[35S]methionine and their analysis have been described pre-
viously (5).

Purification of IHF. A 3.6-liter batch of cells was induced
for 3 h as described above. All subsequent steps were carried
out at 0 to 4°C. The cell pellet from 3.3-liters was suspended
in 10 ml of TEG containing 20 mM NaCl to give a total
volume of 29 ml; this suspension was disrupted in two
batches, each receiving six bursts of 3 min of sonication

separated by 90-s intervals. The sonic extract was centri-
fuged for 20 min at 15,000 rpm, yielding 16.9 ml of clarified
extract. A 10% (vol/vol) solution (1.1 ml) of polymin P (BDH
Chemicals Ltd.) was added slowly to the clarified extract;
after being stirred for 20 min, the mixture was centrifuged for
30 min at 10,000 rpm. The resulting pellet was suspended in
10 ml of TEG containing 500 mM NaCl; after being stirred
for 15 min, the mixture was centrifuged for 20 min at 12,000
rpm. The supernatant (10.3 ml) was adjusted to 50% satura-
tion by the addition of 3.2 g of ammonium sulfate, stirred for
20 min, and centrifuged for 15 min at 15,000 rpm. The
resulting supernatant was adjusted to 70% saturation by the
addition of 1.64 g of ammonium sulfate, stirred for 20 min,
and centrifuged for 15 min at 15,000 rpm. The resulting pellet
was suspended in 1 ml of TG (50 mM Tris hydrochloride [pH
7.4] containing 10% glycerol) and dialyzed against two
changes of TG. The dialyzed material (2.0 ml) was loaded
onto a 1-ml column (0.5 by 5.8 cm) of phosphocellulose (P11;
Whatman, Inc.) that had been equilibrated with TG. The
column was washed with 3 ml of TG and developed with 20
ml of a linear gradient (0 to 1.2 M) of KCI in TG. Fractions
of 0.5 ml were collected, stored at -20°C, and assayed for
IHF as described above.

RESULTS AND DISCUSSION

Overproduction of individual subunits. As a first step
toward overproducing IHF, we studied the expression of
separate ot and ,3 subunits in plasmid constructs where the
himA gene or the hip gene was placed under the control of
the lambda PL promoter (Fig. 1). Our attempts at overpro-
duction of each subunit with these constructs were disap-
pointing. As reported before (5), the hip plasmid accumu-
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FIG. 2. Electrophoresis of cell extracts. (A) hip overproducer
(strain E443); (B) himA overproducer (strain K5770); (C) IHF
overproducer (strain E738); (D) IHF overproducer (strain K5746).
Sonic extracts were made from cells that were grown to mid-log
phase or grown to mid-log phase and induced for 3 h. A portion of
each induced extract was clarified by centrifugation. A sample (0.3
p.l) of each extract was boiled in the presence of SDS and beta-
mercaptoethanol and applied to an SDS-urea 18% polyacrylamide
gel. The positions of IHF-a and IHF-1 are marked. Lanes: 1,
uninduced extract; 2, induced extract; 3, clarified induced extract.

lated large amounts of IHF-p (Fig. 2A, lanes 1 and 2).
However, much of this material was insoluble and was

removed by a brief centrifugation (Fig. 2A, lanes 2 and 3).
Moreover, little or no polypeptide of the size expected for
the himA gene product accumulated after induction of the
himA plasmid (Fig. 2B, lane 1 and 2). The failure of these
plasmids to overproduce native a or p subunits was con-
firmed by the lack of increase in a or p-complementing
activity (14) in the extracts of induced cells (data not shown).
Thus, it appears that when overproduced separately, neither
of the individual subunits of IHF is able to adopt a structure
that is consistent with a stable, active product.
Our experience with these plasmids suggests that in the

absence of a partner subunit, the individual subunits of IHF
are rapidly degraded in vivo. First, induction of the himA
plasmid generates large amounts of a polypeptide that is
shorter than the himA gene product (Fig. 2B, lanes 1 and 2).
However, when this plasmid is induced and then pulsed for
30 s with radioactive [35S]methionine, the label is incorpo-
rated into a peptide that comigrates with IHF-a, as well as
into the faster-migrating species (data not shown). This
finding suggests that strain K5770 synthesizes full-length
IHF-a that is rapidly converted to the smaller species seen in
Fig. 2B. This view was supported by our observation that
the smaller species cross-reacts with antibodies raised to
purified IHF (data not shown). The second observation
suggesting instability of the individual subunits is that, as

measured by Coomassie blue staining, induction of the hip
plasmid in a himA+ host (strain E443) leads to a much higher
accumulation of IHF-p than does induction of this plasmid in
the himAA82 host, strain E484 (data not shown). Pulse-chase
experiments indicated that the difference is due primarily to
greater stability of the p subunit in the himA+ host, rather
than to greater synthesis. Induced E443 and E484 cells
incorporated similar amounts of [35S]methionine into a poly-

peptide that comigrates with IHF-, after a 30-s chase of a
1-min pulse. However, after a 30-min chase of a 1-min pulse,
E443 cells retained up to 50 times as much label in the p
subunit as did E484 cells (data not shown). Apparently, the
overproduced p subunit is unstable in the complete absence
of IHF-a, although it is stable, but insoluble and inactive, in
the presence of substoichiometric amounts of IHF-ot. We do
not know why a small amount of IHF-a stabilized the P
subunit (Fig. 2A), but small amounts of IHF-p did not
protect IHF-a from degradation (Fig. 2B). In any case, our
data lead us to believe that the two subunits of IHF interact
directly, a hypothesis that is in agreement with earlier
biochemical data (18).

Coexpression of a and 0i subunits. We constructed two
strains that simultaneously overproduced both subunits of
IHF (see Materials and Methods). One strain (E738) con-
tains separate pL-hip and pL-himA fusions, and the second
strain (K5746) contains a pL-hip-himA double fusion. SDS
gel electrophoresis of crude extracts of both strains (Fig. 2C
and D) showed that induction leads to the accumulation of
large amounts of polypeptides that comigrate with IHF-a
and IHF-p. (Inducing strain E738 also leads to the accumu-
lation of a polypeptide that migrates about 0.6 times as fast
as the IHF subunits. We believe that this species arises from
overproduction of a vector gene; it does not cross-react with
anti-IHF antibody.) Most of the overproduced IHF polypep-
tides are soluble (Fig. 2C and D, lanes 2 and 3). It thus
appears that the insolubility of the p subunit is overcome
when a roughly equimolar amount of the a subunit is
present. It is also interesting to note that the rapidly migrat-
ing polypeptide that is made in large amounts by the himA
overproducer (Fig. 2B, lane 2) is greatly diminished in one
strain (Fig. 2C, lane 2) and is undetectable in the other strain
(Fig. 2D, lane 2). It appears that the p subunit suppresses the
formation of this material and simultaneously stimulates the
formation of the full-length at subunit. This suggests to us
that the ,B subunit affects the synthesis or the stability of a
subunit, either by altering the length of the effective message
or, more likely, by protecting the a subunit against degrada-
tion.
The overproduced IHF is highly active in promoting

integrative recombination in vitro. When either strain is
induced to express IHF for 90 to 180 min, there is a great
increase in the amount of extractable IHF activity above the
low or undetectable level present in uninduced cells (data
not shown). A conservative estimate is that after induction,
the extracts of either strain contain at least 100 times more
activity than do the extracts of wild-type cells. The IHF
activity in these extracts is stable with storage at -200 and
with repeated freezing and thawing. We conclude that the
overexpression of both subunits of IHF is an effective way to
generate large quantities of active, stable protein.

Purification of IHF. The purification of IHF from conven-
tional sources is a lengthy procedure that is accompanied by
large losses of activity (18). We have used one of the
overproducing sources of IHF to develop a much more

TABLE 1. Purification of IHF from strain K5746

Total vol Total amt Total U Sp actFraction (ml) of protein (1O3) (U/mg)
(mg)

Crude extract 16.2 1,976 12,150 6,150
Polymin P-ammonium 2.0 98 3,000 30,000

sulfate
Phosphocellulose 5.5 12.1 2,062 166,000
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7 8 moter, the constructs described in this study should expedite
the investigation of the in vivo role of IHF in various
physiological processes.
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FIG. 3. Purification of IHF. Samples of IHF at various steps in
the purification procedure were treated and electrophoresed as
described in the legend to Fig. 2. Lanes: 1, 0.5 ptl (61 ,ug) of clarified
sonic extract; 2, 0.5 (32 jig) of polymin P supernatant; 3, O 5 jil (20
,ug) of polymin P extract; 4, 0.15 ,ul (13.5 ,ug) of 0 to 50% ammonium
sulfate precipitate; 5, 0.15 plI (7.4 ,ug) of 50 to 70% ammonium sulfate
precipitate; 6, 0.5 ,ul (13 jig) of a phosphocellulose flowthrough
fraction; 7, 2 p.1 (2.1 pug) of a phosphocellulose fraction before the
peak of IHF activitiy (the prominent band that migrates faster than
IHF-,B has the mobility of protein HU); 8, 2 IlI (4.4 ,ug) of pooled
phosphocellulose fractions with maximal IHF activity.

effective and simple purification scheme. First, the scale was
drastically reduced; from conventional sources we normally
process an extract from 300 liters of E. coli, but successful
purification was obtained with the extract from 3.3 liters of
the overproducing strain (Table 1). Second, the purification
procedure was truncated from four column steps to one; the
first column chromatography now results in very pure IHF.
The recovery of activity was substantial, and the purified
material had a specific activity greater than we have ob-
served from any conventional source (Table 1).
Although we routinely assay the purification of IHF by

determining recombination activity, the purification scheme
can also be easily followed by SDS gel electrophoresis. We
found few or no a or P polypeptides in fractions that were
discarded during the purification (Fig. 3). It should also be
noted that the HU protein, a troubling contaminant in our
previous IHF preparations (18), eluted early from the
phosphocellulose column (Fig. 3, lane 7), and the most
purified fractions of IHF were virtually free of this and other
visible contaminants (Fig. 3, lane 8).
The recovery of more than 10 mg of apparently homoge-

neous material from 3.3 liters of cells indicates that it should
be straightforward to prepare amounts of IHF sufficient to
carry out crystallization, spectrophotometric, and chemical
studies. Indeed, more than 500 mg of purified IHF has been
recovered from a small portion of a 300-liter fermentor
growth of the overproducing strain K5746 (K. Appelt, per-
sonal communication). Finally, we note that by placing the
synthesis of IHF under the control of a regulatable pro-
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