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Integration host factor (IHF) protein is the only host-encoded protein known to bind and to affect replication
of the v origin of Escherichia coli plasmid R6K. We examined the ability of R6K origins to replicate in cells
lacking either of the two subunits of IHF. As shown previously, the vy origin cannot replicate in IHF-deficient
cells. However, this inability to replicate was relieved under the following conditions: underproduction of the
wild-type 7 replication protein of R6K or production of normal levels of mutant 7 protems which exhibit
relaxed replication control. The copy number of plasmids containing the primary R6K origins (a and B) is
substantially reduced in IHF-deficient bacteria. Furthermore, replication of these plasmids is completely
inhibited if the IHF-deficient strains contain a helper plasmid producmg additional wild-type 7 protein. IHF
protein has previously been shown to bind to two sites within the y origin. These sites flank a central repeat
segment which binds 7 protein. We propose a model i in which IHF binding to its sites reduces the replication
inhibitor activity of 7 protein at all three R6K origins.

Since the replicon model was first proposed by Jacob and
coworkers (33), studies of a large group of replicons have
revealed the direct interaction of an initiator protein with a
replication origin (for current reviews, see references 5 and
17). The Escherichia coli plasmid R6K is a member of this
group. As shown in Fig. 1, a 5.5-kbp replication region of
R6K contains three origins termed «, B8, and vy (8, 9, 32, 43,
60) and the pir-bis operon that encodes the w and Bis
replication proteins (56). The majority of DNA replication in
vivo initiates at the primary o and B origins, with approxi-
mately 10% initiating at the vy origin (8). However, the
minimum genetic information necessary for stable mainte-
nance of R6K at its characteristic copy number (15 per
chromosome equivalent) consists of two elements: the
400-bp v origin and the m protein encoded by the pir gene
(30, 31, 39). The = protein can be supplied in trans (39).
While it is possible to physically separate the DNA defining
the vy origin from the a or B origin, the primary origins
require the entire vy origin, or part of it, in cis to permit
replication (56, 60, 61).

Genetic and biochemical analyses have shown that the =
protein binds seven 22-bp direct repeats at the vy origin (18,
24, 48). Previous work has established that recessive muta-
tions in a coding segment of the pir gene could produce a
copy-up phenotype of the R6K origin plasmlds This finding
suggested that w protein might have a role in the negative
control of plasmid R6K replication in addition to its positive
role in initiation (18, 64). Experiments in which excessive
levels of w protein inhibit R6K replication clearly demon-
strate that & also has a replication inhibitor activity (15, 16).
Even normal = levels of 3,500 to 10,000 dimers per cell
appear to partially suppress replication, since a decrease in =
concentration results in a concomitant increase in copy
number for most vy origin replicons (16).

Examination of several copy-up pir mutations has shown
that they do not consistently alter either the total amount of
« in a cell (16) or the relative binding constant for the direct
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repeats (13a, 18). The pir copy-up mutations are clustered in
a 40-amino-acid region (17) outside the DN A-binding domain
of w (25). The biochemical basis of inhibition of y origin
activity by w protein is not known. However, replication
inhibition could be visualized as the repulsion of host pro-
teins from the origin DNA. Inhibition could occur through
-m interactions, as proposed in the ‘‘handcuffing’’ model
(47), which might sterically hinder the access of host pro-
teins to the origin. Alternatively, 7 binding could alter the
origin DNA structure in a way that indirectly inhibits host
protein binding.

The only host-encoded protein which has been shown
both to bind and to be required for replication of the R6K +y
origin (14) is the E. coli DNA-bending protein integration
host factor (IHF) (7, 59, 68). IHF protein is a heterodimer
consisting of an a and a B subunit encoded by the himA and
hip (formerly himD) genes, respectively (19, 49, S1). This
histonelike protein is utilized in a broad spectrum of pro-
cesses (20), which include phage A recombination (7, 53),
expression of several genes (21, 40), DNA packaging (2),
replication (3, 6, 23, 28, 50, 67), and plasmid partitioning
(22). In many of these cases, IHF is thought to assist in the
assembly of specialized nucleoprotein structures which pro-
vide the required accuracy for locating the active site in
high-fidelity DNA transactions (11).

DNA protection experiments using neocarzinostatin (14)
have shown that IHF binds to two sites within the +y origin,
termed site 1 and site 2 (Fig. 1). These sites flank the seven
22-bp direct repeats which bind = protein. Cells lacking
functional IHF protein cannot support replication of plas-
mids containing only the +y origin of R6K, while plasmids
containing the primary « or B origin are able to replicate (14).
Thus, the goal of this study centered on two questions. (i)
What is the role of IHF protein in the replication of R6K
derivatives containing only the vy origin? (ii) Does IHF
influence the replication of plasmids containing the intact
replication region of plasmid R6K?

In this paper we present evidence supporting the role of
IHF in the regulation of replication for all three R6K origins.
We show that replicons containing the vy origin can propagate
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FIG. 1. R6K replication region. The locations of the seven direct repeats which bind  protein and an eighth direct repeat and two smaller
inverted repeats in the operator region of the pir gene are indicated in the lower part of the figure by direct and inverted half-arrowheads,
respectively. The w and Bis protein structural genes are designated pir and bis, respectively. IHF-binding sites 1 and 2 are indicated by open
boxes. Site 1 contains two IHF consensus binding sequences, while site 2 contains one (14). Also shown is the AT-rich (80%) 90-bp segment
to the left of the seven repeats. The plasmids indicated at the top of the figure contain the following segments of the R6K replication region
ligated to a restriction fragment providing kanamycin resistance: pRK526, v origin; pRK419, y and B origins; and pRK35 a, v, and B origins.
Plasmid pRK526 (v origin), shown in detail at the bottom of the figure, requires w protein supplied in trans for replication. Plasmids pRKS526
(65) and pRK419 (38) share the same left boundary of the R6K sequence. The restriction sites shown reside at coordinates —700 (Haelll),

0 (HindIII), +277 (BglII), and +572 (Haell) of the R6K sequence (65).

in IHF-deficient cells when the intracellular level of wild-
type w protein is decreased or in the presence of normal
levels of w protein variants deficient in negative control of
the R6K copy number. Furthermore, we demonstrate that a
small increase in the intracellular w concentration causes
inhibition of all three R6K origins in an IHF-deficient back-
ground. We propose that the activity of all three origins of
plasmid R6K is determined in vivo by competitive interac-
tions between IHF and 7 for the central regulatory segment
in the plasmid replication region.

MATERIALS AND METHODS

Bacterial strains and media. Strains K37 (himA™) and
K2691 (himA ASma) were described elsewhere (27) and
kindly provided by D. Friedman. Strains GM 1859 (hip™)
and GM 1859 (hip-3) (which contains a chloramphenicol
resistance cartridge in the coding region of the hip gene)
were provided by W. Reznikoff’s laboratory. For all exper-
iments, bacteria were grown in LB medium.

Plasmid construction and DNA preparation. Previous re-
ports have described the construction and/or origin of plas-
mids pMF34 (18), pRK35 (37), pRK419 (39), and pRK526
(39), which contain various R6K origin segments. Plasmids
pRK3S5, pRK419, and pRKS526 contain the kanamycin resis-
tance gene ligated to the origin fragments shown in Fig. 1.
The construction of plasmid pPR1 and plasmids A22, Al4,
AS, and Al10, which were derived by a series of Bal 31
digestions into the pir promoter of pPR1 and produce dif-
ferent amounts of = protein, was also described elsewhere
(16). The A22 and Al4 copy-up pir derivatives were con-
structed by M. J.. McEachern (46a) by replacing a 307-bp
EcoRT*-Bglll fragment (R6K coordinates 497 to 804 [66])
from A22 or Al4 with the equivalent fragment isolated from
the original plasmid source of each pir mutant. All w protein
plasmids used in this study contain an RK2 replicon and thus
are compatible with R6K and ColEl (pBR322) replicons.
The construct pHX4-34, which has not been described in the
literature and which contains the himA and hip structural
genes downstream of the Tac promoter, was kindly provided
by J. Gardner. '

Isolation of pir copy-up mutants. The isolation of pir<405
cos (64), pir-1, and pir-104 (18) mutants has been described
elsewhere. The pir-13 mutant was isolated and sequenced by
M. J. McEachern (46a). The nitrosoguanidine-induced pir-
200 mutant was isolated and sequenced by P. Mukhopad-
hyay. Isolation of mutant pir-116 will be described elsewhere
(27a). The single-amino-acid substitutions in the pir mutants
used in this study are to be reported elsewhere (27a).

Preparation of lysates. Total cell lysates were prepared
from logarithmically growing cells and subjected to DNA
and protein blotting as described previously (16).

DNA hybridization and immunoblotting. Southern hybrid-
ization analysis was carried out as described previously (63)
with a HindIIl vy origin fragment isolated from plasmid
pMF34 and labeled by nick translation (45) as a probe.
Plasmid copy numbers were determined by comparing auto-
radiographs containing serial dilutions of the appropriate
samples. Plasmid pRKS526, with a copy number of 15 per
chromosome in cells harboring helper plasmid A22, served
as the control (16). Western immunoblotting analysis was
carried out as described previously (16).

RESULTS

IHF is dispensable for replication at reduced intracellular
levels of . It has been previously shown that w protein binds
to the seven 22-bp repeats in the vy origin, producing a
characteristic pattern of DNase I cleavage (18, 24). In
addition, = binding results in enhanced sensitivity to DNase
I at coordinates +15 and +51 within the AT-rich block that
is located to the left of the repeats (80% AT within 90 bp
[Fig. 1]) (18). It is not known whether = protein can bind to
each of these distinct domains of the vy origin or whether the
enhanced sensitivity to DNase I at coordinates +15 and +51
reflects the indirect effect of = binding to the seven 22-bp
repeats. It has also been shown (14), by using neocarzinosta-
tin as the DNA-cleaving agent, that both & protein and IHF
protein can bind to the same <y origin fragment only if IHF
protein is added to the reaction mixture before m protein.
When 7 protein is added first, IHF protein is excluded from
the protection pattern. It remains to be determined whether
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TABLE 1. Transformation efficiency of plasmids pRKS526 and
pBR322 at different = protein levels in wild-type and hip-3
mutant bacteria

No. of transformants of strain®:

Transforming Resident
DNA plasmid GM 1859 GM 1859
(wt)? (hip-3)

pRKS526 A22 700 0
Al4 1.6 x 10* 1.9 x 10*
AS 2.9 x 10* 2.0 x 10*
A10 3.7 x 10* 1.5 x 10*
pBR322 A22 3.0 x 10° 4.0 x 10°
Al4 4.0 x 10° 3.5 x 10°
AS 3.0 x 10° 4.0 x 10°
Al0 4.0 X 10° 4.0 x 10°

2 Competent cells (10°) harboring one of the indicated = protein plasmids
were transformed with pBR322 and pRK526 closed circular plasmid DNA.
Cells (4 x 107 per strain) were plated on the appropriate drug-resistant plates.
Data show numbers of transformants obtained per microgram of DNA.

b wt, Wild type.

the order-of-addition phenomenon is caused by simple oc-
clusion. Alternatively, w protein binding to the seven 22-bp
repeats may indirectly alter the conformation of the AT-rich
block, thus preventing interaction of IHF with site 1 (Fig. 1).

It was appealing to us to assume that the competitive
interactions between IHF and = for origin DNA can also
occur in vivo and that the positive effect of 7 protein on R6K
replication can change to replication inhibition as the intra-
cellular concentration of m increases (15, 16). Thus, IHF as
part of a nucleoprotein structure formed at the origin may (i)
act as a direct positive factor necessary for replication or (ii)
interfere with the inhibition of replication by .

It was possible to test our model by examining vy origin
activity in wild-type and IHF-deficient cells producing dif-
ferent w levels. The intracellular 7 concentration is at least
100-fold higher than that needed for -y origin replication (16).
If IHF is absolutely essential for initiation, then reducing w
protein levels should have no effect and IHF-deficient cells
will still be unable to support replication of a <y origin
plasmid. On the other hand, if the role of THF is to allow
replication at an otherwise inhibitory cor :entration of
protein, then the vy origin might function in the absence of
IHF if = levels were reduced.

This experiment used Bal 31 deletion derivatives of the pir
promoter of plasmid pPR1. The resulting plasmids, A22,
Al4, AS, and A10, produce approximately 100, 5, 2, and <1%
of the wild-type m level, respectively (16). The A plasmids
were each established in a hip-3 mutant strain and its
isogenic parent. These cells were then transformed with a y
origin replicon, pRK526. As indicated in Tables 1 and 2,
there were no transformants in IHF-deficient bacteria pro-
ducing normal levels of w protein. However, in the same
genetic background, kanamycin-resistant transformants
were obtained when 7 was supplied at a reduced level. It is
also important to note that the lowest transformation fre-
quency of the vy origin plasmid pRK526 was observed with
the wild-type recipient which harbored plasmid A22 (produc-
ing normal m levels). This was not the case with the control
plasmid, pBR322. These data are consistent with the obser-
vation that A22 produces 7 at a level limiting the <y origin
plasmid copy number even in IHF-proficient cells (16).
Clonal analysis was carried out with randomly chosen trans-
formants, and an autonomously replicating pRK526 (y ori-
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TABLE 2. Relative transformation efficiency

Relative transformation efficiency (%) with strain®:

Residept
plasmid GM 1859 (wt)® GM 1859 (hip-3)
A22 0.2 ) 0
Al4 3.9 5.5
AS 9.6 5.0
Al0 9.4 3.7

2 Each value is calculated as the number of pRK526 transformants divided
by the number of pBR322 transformants obtained for each of the resident =
helper plasmids and expressed as a percentage.

b wt, Wild type.

gin) plasmid was detected in all clones examined (Fig. 2 and
data not shown). Therefore, a decrease in the intracellular
concentration of w permits replication of the <y origin in the
absence of a functional IHF heterodimer. These data dem-
onstrate that E. coli cells deficient in the production of IHF
protein are unable to support replication of a vy origin plasmid
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FIG. 2. Copy number of a v origin plasmid in wild-type and hip-3
mutant bacteria harboring helper plasmids producing wild-type =
and its copy-up variants. One-milliliter aliquots of logarithmically
growing cells (5 x 10® cells) were harvested by centrifugation and
lysed according to the protocols .'escribed in Materials and Meth-
ods. Half of each sample served to analyze either the plasmid DNA
level or the  level. Equivalents of 5 x 107 bacteria for each sample
were loaded onto agarose gels, and equivalents of 1 x 107 bacteria
were loaded onto sodium dodecyl sulfate-polyacrylamide gels and
subjected to either DNA hybridization (A) or immunoassay (B).
pRKS526 plasmid copy numbers were estimated from Southern
analysis, assuming that the A22 helper permits replication of a vy
origin replicon at a copy number of 15 per chromosome equivalent
(17). The higher-molecular-weight bands observed are multimeric
forms of the pRK526 plasmid. The relative copy number of plasmid
pRKS526 was determined by comparison of signal intensities pro-
duced by serial dilutions of each sample (data not shown) and
matching these dilutions with reference samples. These procedures
were determined experimentally to be as adequate as the determi-
nation of plasmid copy number and  levels by laser scanning of film
negatives (16).
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unless the level of w protein is reduced below normal. The
need for IHF in the replication of the vy origin is dependent
on the concentration of m protein, which suggests a regula-
tory role for IHF during replication.

Cells producing variants of m protein relaxed in copy
number control allow replication of a vy origin replicon in the
absence of functional IHF protein. If the role of IHF in vy
origin activity is to hinder the concentration-dependent
negative function of 1, then normal levels of & proteins with
altered regulatory function might allow replication in the
absence of IHF. To test this idea, we used the existing
copy-up pir mutants. In wild-type cells, these copy-up =
proteins are relaxed in negative control and result in greatly
increased copy numbers of a vy origin plasmid (17).

Copy-up helper plasmids were created by replacing the
307-bp EcoRI*-BglllI fragment from the wild-type pir gene of
plasmid A22 (17) with the equivalent fragment from copy-up
variants containing single-amino-acid substitutions (pir-1,
pir-13, pir-104, pir-116, pir-200, and pir<405 cos) (47). These
helper plasmids and A22 were established in a hip-3 mutant
strain and its wild-type counterpart. These recipients were
then transformed with a pRKS526 (y origin) plasmid. As
expected, we failed to obtain transformants with ITHF-defi-
cient recipients harboring plasmid A22pir (wild-type). In
sharp contrast, kanamycin-resistant transformants were ob-
tained with wild-type and hip-3 recipients containing any of
the six pir copy-up mutants. Since the A22 pir<405 cos and
A22 pir-13 mutations produce  proteins which considerably
reduce the growth rate of bacteria (reference 64 and unpub-
lished data), they were not included in further experiments.
The four remaining mutants were used to carry out quanti-
tative analysis of the pRKS526 vy origin copy number and the
corresponding level of m protein produced by the helper
plasmid. These measurements indicated that all copy-up
variants of = do permit plasmid replication (Fig. 2A), despite
the fact that the level of 7 produced by these helper plasmids
is very similar to that produced by plasmid A22 (Fig. 2B).
The only exception in this particular experiment was that
hip-3 cells produced the mutant pir-200 = at a somewhat
decreased level. The mutant = proteins A22pir! and
A22pirl04 do allow replication of plasmid pRK526, but a
comparison of copy numbers shows that this +y origin plas-
mid replicates in IHF-deficient cells at a fraction of the copy
number seen in wild-type cells. In contrast, mutant w pro-
teins A22pirl16 and A22pir200 both allow replication of the y
origin-containing plasmid at a high copy number (at least 300
copies per chromosome) whether or not cells contain func-
tional IHF protein.

We also examined the response of the <y origin copy
number to subnormal levels of mutant & proteins. The A14
derivatives of the wild type, pir-1, pir-104, pir-116, and
pir-200 all produce wild-type or mutant « protein at approx-
imately 1/20 of the normal level (16). As shown in Fig. 3A,
the pRK526 vy origin copy number remains greatly increased
(approximately 300 copies per chromosome) in both wild-
type and hip-3 bacteria producing Al4pirl16 and Al4pir200
mutant proteins. However, a comparison of the A22 and A14
levels of the pir-I mutant (and the pir-104 mutant; data not
shown) shows that the plasmid copy number is clearly
influenced by the amount of mutant m protein made in
IHF-deficient bacteria. By comparing A22pirl in GM 1859
(hip-3) (Fig. 2A) with Al4pirl in GM 1859 (hip-3) (Fig. 3A),
it can be seen that the pRK526 <y origin copy number is
substantially higher in hip-3 cells underproducing the pir-I
(and pir-104; data not shown) mutant protein. This variance
in copy number is not observed in the wild-type counterpart
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FIG. 3. Copy number of a vy origin plasmid (A) in cells underpro-
ducing wild-type and copy-up « protein variants (B). The experi-
ment was carried out with strains carrying Al4 helper plasmids (16)
bearing wild-type or mutated variants of the pir gene. The wild-type
level of 7 protein (A22), from a sample prepared simultaneously, is
provided for comparison. Assay conditions were as described in the
legend to Fig. 2.

(compare A22pirl in wild-type GM 1859 [Fig. 2A] with
Al4pirl in wild-type GM 1859 [Fig. 3A]). These data clearly
show that the pir-/ and pir-104 mutants are still able to
inhibit the vy origin in a concentration-dependent manner in
cells lacking functional IHF protein.

The major conclusions from the data presented in this
section and the previous section are that (i) IHF protein is
not absolutely essential for initiation from the R6K <y origin
and (ii) replication can occur in situations in which = protein
has a reduced ability to control the copy number. Therefore,
all data presented thus far are consistent with the model in
which IHF protein assists in the regulation of +y origin
replication by reducing the replication-inhibiting activity of
T protein.

IHF is essential for replication of a plasmid containing all
three replication origins under the conditions of increased
intracellular levels of 7. As previously reported (14), the
entire R6K plasmid or replicons containing two origins (y
and B) can be established in cells lacking functional IHF
protein, but vy origin plasmids cannot. The difference be-
tween the ability of the primary origins (« and ) and that of
the secondary origin (y) to replicate without IHF could
reflect the greater vulnerability of the vy origin to elevated w
levels in vivo. Experiments performed previously with wild-
type bacteria had shown that plasmid pRK419(y + B) is able
to replicate at a w protein level that prevents pRK526 (y
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FIG. 4. The copy numbers of extended-origin plasmids pRK35
and pRK419 are shown for the wild-type strain (lanes 1 and 2,
respectively) and hip-3 mutant (lanes 3 and 4, respectively). The
copy number was assayed by Southern hybridization as described in
the legend to Fig. 2.

origin) replication (13a). Perhaps the primary replication
origins do not require IHF at normal = levels but need IHF
to replicate at elevated m levels. This hypothesis was tested
in the experiments described below.

One group of isogenic strains (hip-3 and himA ASma
mutants and their wild-type counterparts) was transformed
with helper plasmid pPR1, which produces approximately
1.5 times the normal R6K = level (16). This group and a
second group of plasmid-free isogenic strains were used as
recipients in transformation with the R6K derivatives
pRK419(y + B) (39) and pRK35(c + vy + B) (37). Both of
these replicons are able to produce normal levels of wild-
type w protein (Fig. 1). Neither plasmid pRK419(y + B) nor
pRK35(a + y + B) could be established in IHF-deficient
cells containing plasmid pPR1. In contrast, when either the
wild-type cells or IHF-deficient mutants lacking plasmid
pPR1 were transformed with plasmid pRK419(y + B) or
pRK35(a + vy + B), transformants were obtained with each
recipient. Subsequent analysis of the plasmid copy numbers
revealed that, despite the ability to replicate, there is a
substantial reduction in pRK419(y + B) and pRK35(a + vy +
B) plasmid DNA content in both the hip-3 (Fig. 4; compare
lane 1 with lane 3 and lane 2 with lane 4) and himA (data not
shown) mutants. The additional 7 supplied by pPR1 causes
a lack of y + B or @ + y + B replicon transformants in
IHF-deficient cells.

Since the lack of IHF resulted in a lack of transformants,
we tried to prevent the replication inhibition by supplying
IHF protein. Plasmid pHX4-34 contains both the himA and
hip structural genes under the control of an inducible Tac
promoter. Plasmids pHX4-34 and pPR1 were established as
resident plasmids in the himA and hip-3 strains and their
isogenic parents. These bacteria were then transformed with
replicon pRK419(y + B) or pRK35(a + y + B). Again, no
transformants were obtained in IHF-deficient bacteria that
contained only pPR1. However, both himA and hip-3 cells
containing plasmids pPR1 and pHX4-34 (induced with IPTG
[isopropyl-B-D-thiogalactopyranoside] to produce IHF pro-
tein) were now able to support replication of pRK419(y + B)
and pRK35(a + vy + B). The number of transformants was
equal to that of the wild-type parent strains also containing
pPR1 and pHX4-34. Thus, supplying intact IHF enabled the
IHF-deficient mutants to replicate at elevated « protein
levels.

IHF REVERSES REPLICATION INHIBITION BY = 1283

From these data we infer that the reduction in plasmid
copy number in cells lacking IHF is caused by an increased
susceptibility of primary R6K origins to the replication-
inhibiting activity of w. The additional = protein supplied by
plasmid pPR1 prevented replication of the primary origins in
cells lacking functional IHF. These experiments demon-
strate that IHF is important for replication control in all
three origins. The activity of each of the three R6K origins is
reduced to various degrees in the absence of functional IHF,
with the vy origin exhibiting the most stringent dependency
on IHF and the greatest sensitivity to the level of = protein
in the cells.

DISCUSSION

In this article, we present evidence that IHF protein
neither is required for replication initiation of plasmid R6K
nor affects replication by altering the level of the & replica-
tion initiator protein; instead, IHF protein serves as an
essential host component in the copy number control mech-
anism of all three R6K origins.

Previous work on R6K had shown that the majority (90%)
of in vivo initiations occur at the « or @ origin (8). The vy
origin, which contains the known IHF-binding sites, is an
essential DNA segment for initiation at the a or B origin (56,
60, 61). It is unknown whether relative origin usage is altered
in IHF-deficient cells. However, the & protein level neces-
sary for inhibition of plasmid replication is reduced in
IHF-deficient bacteria, regardless of which origins are
present on a plasmid. The isolated -y origin is able to replicate
at the copy number characteristic of the entire R6K plasmid
when a normal level of wild-type m protein is supplied in
trans, but this origin replicates in the absence of the IHF
heterodimer only when the w protein level is substantially
reduced. This reduced amount of 7 protein will produce an
elevated plasmid copy number if the vy origin is replicating in
cells containing IHF (Fig. 2 and 3; 16). The plasmid con-
structions containing either the «, B, and vy origins (pRK35)
or the B and v origins (pRK419) produce normal levels of
wild-type = protein. Unlike the vy origin plasmid, these
replicons can function in IHF-deficient bacteria, but their
copy number is reduced. In wild-type cells these primary
origins can function with m levels up to eight times higher
than the normal level (16). However, the 1.5-fold increase in
7 protein in IHF-deficient cells prevents replication of the
plasmids containing the o« and B origins. The inability of
these o and B origin plasmids to replicate in IHF-deficient
cells when extra w protein is present can be compared
qualitatively to the inability of a vy origin plasmid to replicate
in IHF-deficient cells at normal & protein levels. The rela-
tionship between w protein and IHF protein in R6K replica-
tion can be viewed as follows: while = protein is required for
replication of all three origins, a level inhibiting y origin
replication is soon reached unless IHF protein is present.
The primary origins are able to continue replication at higher
levels of 7 protein, but eventually their ability to function is
also reduced in the absence of IHF.

Any analysis of R6K origin function (see reference 17 for
the most recent review) has to take into account the differ-
ences in 7 protein levels required for initiation from the three
R6K origins. From the measurements of vy origin replicon
copy number at various intracellular concentrations of , it
had been concluded that this origin is able to replicate at a
wide range of m protein levels below the normal level (16). A
long-range cooperativity in the binding of & to its primary
targets in the vy origin and a weaker secondary target in the B
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origin requires a higher level of protein than that needed for
binding only the v origin (54). The pir structural gene, which
is required in cis for B origin function (47), also contains
other secondary w-binding sites (13a). The a origin contains
sequences homologous to the 22-bp repeats in the <y origin
(60); these may also prove to be secondary m-binding sites.
The extended replicons pRK419 and pRK35 are less suscep-
tible than the minimal vy origin to replication inhibition by =
(16); this could reflect the requirement for higher  levels to
bind these secondary sites. At higher & levels, a w-mediated
loop could form between the vy origin and the secondary sites
in the B origin (54), allowing replication machinery which has
assembled at the vy origin to be transferred to the B origin. A
similar scenario is possible between the y and « origins.
Perhaps the extended origins are less affected by the absence
of IHF because they require a higher initial = concentration
for replication initiation.

IHF protein assists in the control of v origin replication by
acting directly at the origin rather than indirectly by altering
the level of 7 protein produced by the helper plasmids. Both
the A22pir constructions (containing a wild-type operator-
promoter region) and the Al4 helpers (Fig. 2B and 3B,
respectively) produce the same amount of « protein in cells
containing or lacking IHF. This is consistent with previous
results (the only exception in this particular experiment, but
not others, was that hip-3 cells produced the mutant
A22pir200 w at somewhat decreased level [Fig. 2B]). In
contrast is site-specific recombination in phage A, in which
IHF directly participates in the recombination reaction and
also regulates the amount of integrase protein available (by
directly affecting the production of cII protein [44, 57]).

The effects of IHF on replication of the primary R6K
origins may present a more complex situation than that of
the + origin. pRK419 and pRK3S, the plasmids which were
used to study the primary origins, contain the pir gene in cis.
It is possible that IHF influences the level of = protein
produced by these constructs. Directly upstream of IHF site
2 lies a promoter approximately 1/10 as strong as the pir
promoter (56a). IHF binding to site 2 may thereby decrease
transcription of the pir gene. This possibility and potential
effects on R6K replication will be investigated in the future.

An additional argument supporting the role of IHF in a
negative control circuit of plasmid copy number is derived
from genetic experiments with 7+ mutants. Helper plasmids
producing any of six copy-up variants of =« all allow IHF-
independent replication, despite the fact that none were
specifically selected to do so. The pir-116 and pir-200 mu-
tants produce a high-copy-number phenotype in a <y origin
plasmid, irrespective of w protein levels in wild-type or
IHF-deficient hosts. The pir-I and pir-104 mutants also
produce a copy-up phenotype in wild-type cells irrespective
of w protein levels. However, the pir-1 and pir-104 mutants
can fully express the high-copy-number phenotype in IHF-
deficient cells only at 1/20 of the normal & protein level; thus,
in IHF-deficient cells, these two w mutants retain the con-
centration-dependent ability of wild-type a to inhibit repli-
cation.

In a complementation test, these pairs of = mutants also
differ in their ability to increase the copy number of pRK419,
a+y + B plasmid which contains the wild-type pir gene in cis.
The pir-1 and pir-104 mutations are recessive, while the
pir-116 and pir-200 mutations are dominant (27a). The mean-
ing of this complementation test is somewhat ambiguous,
considering the dimeric structure of = protein (18). All of the
copy-up mutations map within a 40-amino-acid region of the
pir gene responsible for negative control of the copy number
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(17). It is likely that the pir-116 and pir-200 polypeptides are
also defective in negative control but are dominant in ex-
pressing the high-copy-number phenotype when present
with a wild-type polypeptide in a w dimer. Alternatively, the
pir-116 and pir-200 mutants may be positive regulatory
mutants that are able to reduce the stringency of the require-
ments for normal replication initiation. In that case, they
would resemble the int-h mutant of \ integrase, which
relaxes the requirements for integrative recombination (42,
52). The genetic bypass of IHF has been reported in several
other systems (1, 3, 4, 12, 13, 27, 69). In each case there was
selection for the IHF-independent event.

A final possibility exists to explain the behavior of the
dominant = protein mutants compared with that of the other
« mutants used in this study. Perhaps the pir-116 and pir-200
dominant 7 proteins are able to utilize an alternate mode of
replication that bypasses the need for IHF. Likewise, in-
creasing the concentration of mutant replication protein may
not inhibit this alternate pathway. Replication options are
known to exist for several replicons. Plasmid ColE1 is the
best-characterized example of alternate modes of DNA
initiation (10, 35, 46). Replication of the E. coli chromosome
during ‘‘stable DNA replication’’ (34) is independent of oriC
and DnaA protein (36). Also of interest is recent work in our
laboratory which shows that oriC minichromosomes in cells
lacking IHF protein require DNA polymerase I for replica-
tion (17a). It is unknown what the requirements would be for
an alternate replication mode by the dominant mutant w
proteins or which mechanisms would be utilized.

While it is possible that IHF protein serves as a structural
element directing interaction with another DNA-binding
protein, there is as yet no evidence supporting such a
mechanism at the R6K origin. The close proximity of IHF-
binding sites to the m-binding sites in the R6K origin would
certainly permit direct w-IHF interactions, as discussed
earlier (14).

In contrast, several independent lines of evidence have
shown that DNA bending is a common phenomenon under-
lying a diverse array of processes affected by IHF (29, 41,
58, 62, 67). As shown recently for one of the three IHF-
binding sites in attP of phage A, the requirement for IHF can
be functionally substituted by a sequence-induced bend (26).
Thus, this property may be the sole function of the protein in
other processes as well. Since IHF binding also causes R6K
origin bending (14a), it seems appealing to think that the
origin inhibition by = protein could be reversed by altering
the architecture of a region adjacent to the m-binding re-
peats. Therefore, it is unclear whether the bending or
unwinding of origin DNA facilitated by the binding of
protein (55) would necessarily produce a reactive replication
substrate. It is known that « protein is able to bind simulta-
neously to the y and B origins, looping out the intervening
DNA (54). However, it is not known whether this = protein
‘“action at a distance’ (54) serves solely to transmit a
positive signal from the vy origin to the B origin. One could
imagine that within a narrow range of increase in w concen-
tration, at which origin inhibition can occur, there could be
a major structural change resulting in a substrate which
would not be able to participate in replisome assembly. This
inert product could resemble a nucleosomelike structure and
result from m-mediated origin bending (55) or could be
produced by the formation of ‘‘handcuffed’’ molecules (47).
Each of the primary origins requires vy origin domains where
IHF protein binds, in addition to the repeat segment. Thus,
it is conceivable that the -y origin in a nonactive conformation
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has a reduced ability to engage in contact with the a« and B
origins unless IHF protein is provided.

We have shown that IHF protein is an important compo-
nent in plasmid R6K replication, acting to reduce the repli-
cation-inhibiting activity of the multifunctional = initiator
protein. It remains to be determined whether the role of IHF
in the activity of all three origins of plasmid R6K is mediated
by a fundamentally similar mechanism at the molecular
level.
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