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One proposed mechanism of replication inhibition in iteron-containing plasmids (ICPs) is “handcuffing,” in
which the coupling of origins via iteron-bound replication initiator (Rep) protein turns off origin function. In
minimal R6K replicons, copy number control requires the interaction of plasmid-encoded 7 protein with the
seven 22-bp iterons of the vy origin of replication. Like other related Rep proteins, 7 exists as both monomers
and dimers. However, the ability of = dimers to bind iterons distinguishes R6K from most other ICPs, where
only monomers have been observed to bind iterons. Here, we describe experiments to determine if monomers
or dimers of 7 protein are involved in the formation of handcuffed complexes. Standard ligation enhancement
assays were done using m variants with different propensities to bind iterons as monomers or dimers.
Consistent with observations from several ICPs, a hyperreplicative variant (7-P106L-F107S) exhibits defi-
ciencies in handcuffing. Additionally, a novel dimer-biased variant of 7 protein (-M36A”"M38A), which lacks
initiator function, handcuffs iteron-containing DNA more efficiently than does wild-type 7. The data suggest
that = dimers mediate handcuffing, supporting our previously proposed model of handcuffing in the y ori
system. Thus, dimers of 7 appear to possess three distinct inhibitory functions with respect to R6K replication:
transcriptional autorepression of 7 expression, in cis competition (for origin binding) with monomeric acti-

vator 7, and handcuffing-mediated inhibition of replication in trans.

In a group of related bacterial plasmids (5), initiation of
DNA replication occurs at a specific site called the origin of
replication (ori) that contains tandemly repeated DNA se-
quences known as iterons or direct repeats (DRs). Plasmid-
encoded replication protein (Rep) binds to these iterons,
where it can act as either an initiator of plasmid replication or
an inhibitor of overreplication (Fig. 1) (3, 8). “Handcuffing,” or
origin pairing, is a generally accepted mechanism of replication
inhibition in iteron-containing plasmids (ICPs); this coupling
of origins via iteron-bound initiator protein is believed to turn
off origin function (20, 27). In minimal R6K replicons, copy
number control requires the interaction of the plasmid-en-
coded = protein with the seven 22-bp iterons of the vy origin.
Electron microscopy (EM) studies demonstrated that hand-
cuffing, mediated by the Rep protein m, occurs efficiently be-
tween two DNA fragments containing iterons (20, 23, 24) and
that the fragments are found in parallel alignment (32). The
most suggestive evidence for handcuffing in the copy number
control of ICPs comes from plasmids R6K, P1, RK2, and
mini-F, where correlations between hyperreplicative (copy-up)
phenotypes and handcuffing deficiencies have been demon-
strated (2, 20, 22, 26, 31).

Although Rep dimers predominate in solution, in most ICPs
only Rep monomers, the replication activator form of the
protein, have been demonstrated to bind iterons. A variety of
data from different systems suggest a relationship between Rep
dimers, iteron-mediated plasmid incompatibility (Inc), and
handcuffing-based inhibition of replication (reviewed in refer-
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ence 18). Until recently (4), however, the only Rep protein that
had been shown to bind iterons as dimers (in addition to
binding as monomers) was the  protein of plasmid R6K (1,
16, 19, 32, 34). Relevant to this is our observation that m dimers
bind an individual iteron by using a single subunit, thus leaving
the second subunit free to engage a second iteron (32). We
have proposed that in the R6K system, negative replication
control via handcuffing is mediated by simple dimers of « that
can capture iteron sequences in frans or in cis (19). Addition-
ally, another model of handcuffing in R6K has been proposed,
in which monomers bound to a single DNA fragment can pair
with another DNA fragment also bound by monomers (20). In
contrast to R6K, a more elaborate mechanism to handcuff oris
has been proposed for plasmid RK2. Although they are iteron
binding deficient, dimers of RK2’s Rep protein (TrfA) have
been proposed to bring together two replication complexes
(comprised of monomer-bound iterons), resulting in a tet-
ramer “bridge” (2, 18, 30). Despite the various models for
handcuffing, the precise structure(s) of the nucleoprotein com-
plexes involved in the phenomenon has yet to be determined
for any ICP. Therefore, we are particularly interested in de-
termining whether m monomer-bound iterons or preformed
dimers mediate DNA coupling in R6K.

To address this issue, we have conducted experiments
using variants of w protein, His-mM36A"M38A and His-m-
P106L"F107S, which differ in their monomer-to-dimer ra-
tios (16). mM36A”M38A can inhibit replication dependent
on wild-type (wt) = and it does not stimulate vy ori-depen-
dent replication in vivo or in vitro (16; J. Wu and M. Filu-
towicz, unpublished data), nor can it stimulate “open-complex”
formation in the A+T-rich segment of the ori (16). His-m-
M36A"M38A benefited this work due to its property that only
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FIG. 1. Roles of 7 binding to y ori. The pir gene encodes 1 protein, which exists in two forms: monomers (white) and dimers (gray). The seven
direct repeats of -y ori, also called iterons, are indicated by tandem arrows, whereas inverted arrows represent the inverted repeat in the pir gene
operator/promoter.  is a multifunctional protein: monomers activate replication (a), dimers inhibit replication (b), and dimers autorepress pir

transcription (c).

dimers of the protein bind iterons (16, 19). Conveniently, the
properties of His-mP106L"F107S are just the opposite: it is
hyperactive in replication (in vivo and in vitro), it can facilitate
open-complex formation in vitro, and it binds iterons predom-
inantly as monomers (16, 19). To investigate the handcuffing
abilities of these proteins, we conducted standard ligation en-
hancement assays (20, 21) using wt 7 as our baseline for ac-
tivity. The identities of the products of ligation were deter-
mined by EM. We show that His-mM36A™M38A handcuffs
iteron-containing DNA more efficiently than the wt and that
His-m-P106L"F107S is severely impaired in handcuffing. The
latter result is consistent with the properties of copy-up Rep
proteins from several ICPs (1, 2, 20-22, 26, 31). Taken to-
gether, the data support a model of replication inhibition in
which preformed w dimers facilitate handcuffing in the R6K
system.

MATERIALS AND METHODS

Plasmids and DNA fragment preparation. A DNA fragment containing seven
DRs was released from plasmid pMF34 (9) after digestion with Asel/SnaBI and
cloned into the HinclII site of pUCY, generating the plasmid pRK4. A PCR-
amplified fragment containing the seven DRs from pRK4 digested with Xbal/
Sall was cloned into plasmid pBENDS (13) digested with the same enzymes,
generating the plasmid pRK28. Fragments containing seven DRs (321 bp) used
for ligation enhancement assays were obtained by digesting pRK28 with EcoRV.

Protein purification and DNA binding characteristics. His-mwt, His-m
P106L"F107S, and His-mM36A“M38A were purified as described previously
(33). His-tagged proteins retain the characteristics of their nontagged counter-
parts (15, 16). The monomer:dimer ratios of each protein in complexes with
single iteron-containing DNA fragments was previously established; His-m
P106L"F107S binds iterons preferentially as monomers, while His-m
M36A”M38A binds exclusively as dimers (16, 19).

Ligation enhancement assay. DNA containing seven DRs (321-bp EcoRV
fragment) was incubated in a 100-pl final reaction volume with His-mwt or
variants of . The protein amounts used are indicated in the figure legends. The
DNA amounts used were 500 pg of [y->*P]dATP-end-labeled fragment (“limit-
ing” amount of DNA) or 100 ng of unlabeled fragment (“nonlimiting” amount of
DNA). All reactions were carried out in 1X ligase buffer (Epicenter) containing
975 ng poly(dI-dC) and 1 mM ATP (Amersham). An aliquot (16 pl) of the
sample was removed and subjected to electrophoretic mobility shift assay
(EMSA) (4% polyacrylamide gel electrophoresed in 0.5X Tris-borate-EDTA).
The remaining samples were further processed by adding 0.5 unit of T4 DNA
ligase (Epicenter) and incubated at 37°C for 10 min. Next, samples were ex-
tracted with an equal volume of phenol-chloroform and then with chloroform.
Ethanol-precipitated DNA was separated on 4% polyacrylamide gels, dried, and

scanned with a PhosphorImager using a Storm System (Molecular Dynamics).
Radioactive bands were quantified using Image Quant software (Image Quant).
For reaction mixtures containing unlabeled DNA, the gels were stained with
SYBR green (Sigma) and scanned. Ligation products were also quantified by
EM.

Electron microscopy. EM was done as described previously (7).

RESULTS

7 enhances the ligation of fragments containing vy origin
iterons. We carried out ligation enhancement assays to char-
acterize the handcuffing ability of 7. This commonly used assay
is based on the premise that a protein should increase the local
concentration of DNA fragments’ ends if it can simultaneously
bind two DNA molecules. As a result, in ligation reactions, an
increase in the rate of intermolecular ligation is observed in the
presence of suitable DNA-binding proteins (20, 21, 23). DNA
containing seven DRs (100 ng) was incubated with 125 ng of
either His-mwt or His-mP106L"F107S and then treated with
ligase. As shown in Fig. 2A, the reaction containing DNA and
ligase but lacking 7 (control) predominantly formed a slow-
migrating product, and a very small amount of linear dimer was
also evident. When His-tagged m protein was added to the
ligation reaction mixtures, no significant difference was ob-
served in the amount of ligated products in samples containing
the wt protein versus the monomer-biased wP106L"F107S. To
characterize the products of ligation, we treated ligation sam-
ples with Bal 31 nuclease, which digests linear DNA fragments,
and again performed gel electrophoresis. We observed that the
slowest-migrating band was the sole ligation product surviving
Bal 31 digestion, suggesting that the band may contain circular
DNA (data not shown).

To further characterize the products formed in the ligation
enhancement assay, aliquots of the ligation mixtures were cat-
egorized by EM; the results are summarized in Fig. 2B. EM
analysis confirmed that the product of reactions containing
DNA plus ligase is circular DNA. Importantly, it is evident
from EM as well as gel electrophoresis that multiple ligation
products, including linear oligomers (dimers, trimers, etc.) and
circles, were formed in the ligation reactions, in a w-dependent
manner. Although we do not understand the unusually slow
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FIG. 2. Detection of w-dependent handcuffing in the presence of excess DNA. (A) One hundred nanograms of EcoRV fragment containing
seven DRs was incubated in the presence or absence of 125 ng of His-m-wt or His-mP106L“F107S and with or without 0.5 unit of ligase as indicated.
The samples were processed as described in Materials and Methods. Linear DNA monomers, linear dimers, and monomeric circles are indicated
by arrows; linear DNA multimers are indicated by a bracket. (B) Categorization of ligation products by electron microscopy.

electrophoretic mobility of the DNA circles, similar migration
patterns have been described elsewhere (29).

Copy-up variant 7 is handcuffing deficient under DNA-lim-
iting conditions. Although there is a known copy-up m protein
that does not exhibit a measurable handcuffing deficiency (22),
we were somewhat surprised by the outcome of our ligation
enhancement assay. We speculated that this assay might be
better suited to reveal differences in handcuffing efficiencies if
the DNA levels were limiting. Such conditions would be ex-
pected to strongly favor m monomer binding in the reactions
containing the monomer-biased (16, 19) copy-up variant. After
a survey of different levels of DNA, we determined that using
0.5 ng of seven-DR DNA fragment was preferable for discrim-
inating between protein variants (data not shown). This “lim-
iting” DNA level was insufficient for employing EM to analyze
ligation products. An example of a ligation enhancement assay
with the “limiting” level of DNA and increasing concentrations
of m protein is shown in Fig. 3. Before addition of ligase, a
fraction of each reaction sample was analyzed by EMSA to
visualize nucleoprotein complexes formed under our assay
conditions (Fig. 3A). As expected, the monomer-biased
copy-up variant (His-mP106L"F107S) bound predominantly as
a monomer. In comparison, a mixture of monomer and dimer
binding was seen in samples containing wt 1.

As was observed using the elevated DNA concentrations in
Fig. 2, multiple ligation products were formed in a w-depen-
dent manner (Fig. 3B). One particularly eye-catching result is
that only wt 7 yielded a concentration-dependent increase in
the amount of ligated products. Ligation efficiency was insen-
sitive to increasing concentrations of His-mP106L"F107S. At
the highest concentration of protein, approximately 10 times
more ligated product was observed in the presence of wt  in
comparison to reactions containing His-m-P106L"F107S (Fig.
3C). Furthermore, close inspection of the DNA binding pat-

terns generated by the wt and copy-up variant proteins (Fig.
3A) provides a possible explanation for the differences in liga-
tion enhancement. For wt r, increasing protein concentration
leads to increasing levels of dimer-bound iteron complexes. In
contrast, increasing the concentration of copy-up w simply
leads to higher-order monomer-bound complexes. Monomers
efficiently bind iterons even though they are less abundant than
dimers (16). Thus, our results demonstrate a positive correla-
tion between the levels of dimer-bound iterons and the amount
of ligation enhancement observed.

A dimeric variant facilitates w-dependent ligation enhance-
ment under DNA-limiting conditions. His-mM36A"M38A is a
novel variant of Repw available in the R6K system, whose
interaction with iterons appears to be solely dimeric (16, 19).
We anticipated that this dimer-biased variant would be most
helpful in testing our hypothesis that dimers of m protein
facilitate handcuffing. As mentioned in the introduction, His-
mM36AM38A is unable to activate vy ori (in vivo or in vitro);
however, it does inhibit replication (16; Y. Peng, J. Wu, and M.
Filutowicz, unpublished data). To investigate whether the in-
hibition of replication by w dimers might occur via a handcuff-
ing mechanism, we performed assays to compare the ligation
enhancement ability of His-mM36A"M38A against the abili-
ties of His-mwt and His-mP106L“F107S (monomer biased).
DNA fragments were incubated with each = variant, and a
fraction of each sample was subjected to EMSA (Fig. 4A). The
binding patterns for wt  and the copy-up variant were similar
to those observed in the previous experiment. Samples con-
taining the dimeric variant (His-mM36A"M38A) showed only
four DNA-protein complexes. The remaining samples were
treated with ligase and processed (Fig. 4B). In support of our
hypothesis that the binding of preformed m dimers stimulates
handcuffing, our results showed that 200 ng of His-m-
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FIG. 3. Binding of m to the iteron and detection of w-dependent handcuffing by ligation enhancement under limiting DNA conditions. A 0.5-ng
amount of *?P-end-labeled EcoRV fragment containing seven DRs was utilized, along with increasing amounts of His-m-wt and His-m-
P106L"F107S. (A) Hypothetical representation of m monomers and  dimers bound to the seven iterons in EMSA is shown (left). F indicates free
DNA; 1 M to 7 M indicates the number of m monomer-bound iterons (e.g., 7 M indicates that the seven-DR fragment has each iteron filled by
a monomer). Triangles indicate increasing amounts of protein added to the reaction mixtures: 25, 50, 100, and 200 ng. Lane 1 contains DNA
without protein. (B) The remaining samples were treated with 0.5 unit of ligase and processed as described in Materials and Methods. Lane 1
contains DNA only (without protein or ligase); lane 2 contains DNA with 0.5 unit of ligase. Handcuffed products (linear DNA dimer, linear trimer,
linear tetramer, and monomeric circles) and free DNA (—) are indicated. (C) Quantification of ligated products; results are the averages from
three independent experiments.

M36A™M38A yielded 50% more ligation products than His-
mwt (Fig. 4C).

The reduced number of DNA-protein complexes (four) seen
with the dimeric variant (His-mM36A"™M38A) could be ex-
plained based on previous EMSA experiments using His-r
M36A"M38A and a two-DR-containing DNA fragment (17).
The results showed a single nucleoprotein complex formed by
the dimer-biased protein compared to wt w, which produced
very complex binding patterns. These combined data suggest
the possibility that two = dimers may be unable to occupy

adjacent iterons. Further experiments are under way to test
several hypotheses that might explain these observations (e.g.,
a steric hindrance effect by m dimers or effects of variations in
iteron sequences.)

DISCUSSION

In ICPs, handcuffing of linear DNA fragments containing
DRs has been directly demonstrated by EM and suggested by
ligation enhancement assay, but the precise structures of nu-
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FIG. 4. Detection of handcuffing using wt and copy-up and dimeric variants of 7. A 0.5-ng amount of **P-labeled EcoRV fragment containing
seven DRs was utilized in this experiment with increasing amounts of His-m-wt, His-mP106L"F107S, or His-mM36A"M38A. (A) Hypothetical
representation of m monomers and 7 dimers bound to the seven iterons in EMSA is shown (left). F indicates free DNA; 1 M to 7 M indicates the
number of m monomer-bound iterons (e.g., 7 M indicates that the seven-DR fragment has each iteron filled by a monomer). Triangles indicate
increasing amounts of protein added to the reaction mixtures: 25, 50, 100, and 200 ng. (B) The remaining samples were treated with 0.5 unit of
ligase and processed as described in Materials and Methods. For the sample containing His-mM36A”M38A, only 25-, 100-, and 200-ng samples
were analyzed. Handcuffed products (linear DNA dimer, linear trimer, linear tetramer, and monomeric circles) and free DNA (—) are indicated.
(C) Quantification of ligated products.

cleoprotein complexes involved are yet to be determined. As
illustrated in Fig. 5A, monomers of Rep proteins, including 1,
contain two DNA-binding domains, an N-terminal WHI1
(winged helix 1) motif and a C-terminal WH2 motif, both of
which are used for iteron binding (14). Although purified Rep
proteins are found predominantly as dimers in solution, with
few exceptions such dimers do not appear to be iteron binding

proficient. On the other hand, a single layer of Rep protein
monomers bound to an ori is expected to be incapable of
capturing a second ori to bring about the DNA coupling that is
the hallmark of handcuffing. Consequently, a thorough under-
standing of the mechanism by which Rep proteins pair two
iteron-bearing DNA molecules into handcuffed structures has
remained elusive.
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FIG. 5. A schematic representation of  bound to iterons. m pro-
tein is indicated by two oval winged helix domains connected by a
linker, paired wavy lines indicate double-stranded DNA, and an arrow
indicates a single iteron, the sequence of which is shown. (A) = mono-
mer bound to a single iteron using both WH1 and WH2 domains. (B)
7 dimer bound to a single iteron using only the WH2 domain. (C)
Proposed model for handcuffing in which both WH2 domains of pre-
formed m dimers contact two iteron-containing DNA fragments. The
figure is not drawn to scale.

As an exception to the general rule, dimers of R6K’s
protein readily bind vy ori iterons, leading to speculation about
whether R6K might employ a novel mechanism for handcuff-
ing. The w dimer apparently uses its C-terminal WH2 to en-
gage the DNA (Fig. 5B); however, this observation is not, in
fact, “exceptional” (19, 32). Rather, it coincides well with our
general understanding of the three-dimensional structure of
Rep protein based on crystallography data generated in two
other ICP systems, mini-F plasmid/RepES54 (14) and pPS10/
RepA (12). Taken together, the structural analyses suggested
that the switch from protein monomer to dimer might involve
the remodeling of WH1 (10). Thus, in Rep protein dimers, one
of the DNA-binding domains is thought to be occluded due to
dimerization. Our own m/iteron contact mapping data (19)
support this model, with dimers of 7 making contacts nearly
identical to those of monomers but only in a subset (left half)
of the iteron base pairs and DNA backbone (Fig. 5A and B).

Given our current understanding of Rep protein structure
and the ability of Rep to handcuff DNA, the ability of m dimers
to bind iterons does not make this protein as unusual as it once
appeared. It seems likely that the difference between m and
other Rep proteins is more subtle, being a matter of different
binding affinities for the DNA. 7 dimers bind strongly enough
to be captured by EMSA, perhaps due to a polypeptide loop

J. BACTERIOL.

not found in other Rep proteins (19, 28). In contrast, we
believe that other Rep dimers bind DNA more weakly but
probably do bind. In fact, evidence for other Rep dimers bind-
ing to iterons is beginning to come forward. In plasmid pPS10,
for example, UV circular dichroism (spectral analysis) suggests
that RepA binds to iteron DNA as dimers, which subsequently
dissociate into monomers (6). More recently, Das and Chat-
toraj demonstrated that dimers of plasmid P1-encoded RepA
also bind iterons and participate in handcuffing (4), although
the form of dimer employed (preformed, chaperone activated,
or both) is uncertain. This diverse collection of data engen-
dered the following question: do preformed dimers of w (and
perhaps other Rep proteins) mediate handcuffing?

Here, we present evidence for a correlation between the
abundance of m dimer-bound iterons and the ability of the Rep
protein to promote handcuffing as measured by ligation en-
hancement assays. The use of well-characterized variants al-
lowed us to examine the abilities of m monomers and 1 dimers
to participate in DNA coupling. Under limiting DNA concen-
trations, 200 ng of the dimer-biased m variant proved to be
more efficient than the wt in producing ligase-dependent mul-
timerization. In contrast, a monomer-biased copy-up variant
exhibited the lowest ligation efficiency, consistent with obser-
vations of handcuffing deficiencies in copy-up Rep variants
from several ICPs (1, 2, 20-22, 26, 31). We note that at low
protein levels (below 200 ng), wt = handcuffed DNA better
than the dimeric variant mM36A"M38A. One possible reason
for this could be that mM36A”M38A binds iterons less well
than the wt (19). This can be seen by comparing the levels of
free DNA in Fig. 4A. Additionally, we observed that compared
to reactions containing ligase only, reactions containing ligase
plus = (wt or copy-up) show an approximately threefold in-
crease in monomeric circles. This may be a consequence of the
known ability of 7 protein to bend DNA (4, 11, 17, 25). It has
been shown that m monomers and dimers bend a single iteron
to similar degrees (~50°) (17).

Notably, when we conducted ligation enhancement assays
with nonlimiting DNA concentrations, we were unable to see
any significant differences in the amount of ligation between wt
and copy-up . This indicates that care should be taken when
characterizing a copy-up protein as having no deficiency in
handcuffing; such deficiencies may be manifested or obscured
based on reaction conditions. We suspect that when DNA
concentrations are low and presumably less favorable for hand-
cuffing, the monomer bias of copy-up w contributes signifi-
cantly to the binding reaction. On the other hand, high DNA
concentrations reduce competition between monomers and
dimers for iteron binding, allowing copy-up m to behave simi-
larly to the wt in a handcuffing assay.

There are three fundamental models of handcuffing by Rep
protein (reviewed in reference 18), which are distinguished by
the perceived roles of Rep monomers and dimers as the DNA-
coupling agent. Although the data presented here cannot ex-
clude any of these models, they best support a mode of repli-
cation inhibition in the /vy ori system in which handcuffing is
mediated by preformed m dimers bound to iterons (Fig. 5C).
Thus, the mechanism of handcuffing used by R6K may be
similar if not identical to the mechanism employed by plasmid
P1 (4). In fact, based on the structural and functional similar-
ities of all the Rep proteins, we believe that the mechanism of
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handcuffing in other Rep/iteron systems could also be similar
and that the findings described here may provide important
insights into a general mechanism of replication inhibition by
dimers in iteron/Rep systems.
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