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ABSTRACT

Restriction-modification (RM) systems are
extremely widespread among bacteria and
archaea, and are often specified by mobile genetic
elements. In type Il RM systems, where the restric-
tion endonuclease (REase) and protective DNA
methyltransferase (MTase) are separate proteins, a
major regulatory challenge is delaying expression of
the REase relative to the MTase after RM genes
enter a new host cell. Basic understanding of this
regulation is available for few RM systems, and
detailed understanding for none. The Pvull RM
system is one of a large subset in which the
central regulatory role is played by an activator-re-
pressor protein (called C, for controller). REase
expression depends upon activation by C, whereas
expression of the MTase does not. Thus delay of
REase expression depends on the rate of
C-protein accumulation. This is a nonlinear
process, as C also activates transcription of its
own gene. Mathematical modeling of the Pwvull
system led to the unexpected predictions of respon-
siveness to a factor not previously studied in RM
system control—gene copy number—and of a
hysteretic response. In this study, those predictions
have been confirmed experimentally. The results
may apply to many other C-regulated RM systems,
and help explain their ability to spread so widely.

INTRODUCTION

Restriction—modification (RM) systems are extremely
widespread among bacteria and archaea (1). They have
been found in nearly every major bacterial group, save
for some species that grow exclusively inside eukaryotic
host cells. The physiological roles of most RM systems

have not been tested, but many of them play roles in
defense against infecting bacteriophages (2,3), and
they may also promote gene exchange by generating
recombinogenic ends on incoming DNA and by physically
separating potentially advantageous from potentially
deleterious genes (4).

The genes for RM systems are often specified by mobile
genetic elements (5); for example the Pvull genes are
plasmid borne (6,7). In Type IIP RM systems, where the
restriction endonuclease (REase) and protective DNA
methyltransferase (MTase) are separate proteins (8), a
major regulatory challenge is delaying expression of the
REase relative to the MTase after the RM genes enter a
new host cell. The perils of misregulating Type IIP RM
systems are illustrated by the fact that at least some of
them behave as toxin—antitoxin systems, with the REase
as toxin and the MTase as antitoxin, and exhibit ‘selfish’
behavior (9-11). That is, loss of the genes for the RM
system can result in death of the host cell, as protective
methylation decreases before REase activity disappears.
Despite their importance, basic understanding of gene
regulation is available for few RM systems, and detailed
understanding for none.

Five regulatory strategies have been identified among
RM systems (henceforth we refer only to Type IIP RM
systems). These include methylation feedback, MTase
autorepression, promoter competition, antisense RNAs
and C proteins. The first two interfere with the MTase
gene promoter via DNA methylation and/or by direct
MTase binding (12—-16). This helps prevent overexpression
of MTase, which could compromise effectiveness of the
REase; but these strategies, by themselves, do not
explain how REase expression is delayed in new host
cells. Promoter competition has been reported in the
Ecl18kI system, where RNA polymerase binding to the
MTase gene promoter prevents binding to the nearby
REase gene promoter; in combination with MTase
autorepression, accumulation of MTase relieves the
promoter competition and allows REase expression (17).
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Figure 1. Transcriptional regulatory region of Pvull RM system. (A) Genetic map of Pvull system. The three genes pvullM, pvullC and pvullR
code, respectively, for the MTase, activator-repressor and endonuclease. Bent arrows followed by wavy lines indicate promoters and their mRNAs.
(B) Sequence of the regulatory region. The sites of C.Pvull activation/repression, the initiation codons for pvulIM and pvullC, and the transcript 5’
ends, are from experimental data (see text for references); the locations of the —10 and —35 hexamers are inferred from the transcript starting points.
Pcrl is a very weak promoter, repressed by C.Pvull, that is believed to initiate the autogenous activation cycle by providing a low initial amount of
pvulIC transcription; Pcr2 is the much stronger promoter that is controlled by C.Pvull. Pyl and Py2 are responsible for transcription of pvullM.

The antisense RNA strategy is best studied in the EcoRI
and Eco29kI systems (18-20). For example, a small RNA
complementary to the 3’ end of the REase gene decreases
EcoRI REase expression, even when the RNA is supplied
in trans. However, the contribution of this RNA to
kinetics of EcoRI gene expression has not yet been
determined.

The Pvull RM system is one of a substantial subset in
which the central regulatory role is played by an activa-
tor—repressor protein (called C, for controller; Figure 1)
(21-23). REase expression is dependent on activation by
C, whereas expression of the MTase is not. Thus, in simple
terms, delay of REase expression depends on the time it
takes for sufficient C protein to accumulate. This delay of
~10min was measured in the case of Pvull, after the RM
genes (moved to an MI13 bacteriophage vector) were
introduced over a short period of time into a growing
population of cells (24). The C-dependent regulatory
system is nonlinear, as C also activates transcription of
its own gene. Positive feedback loops can be associated
with extended induction times under certain conditions
(25-27), which in mobile RM systems might be a desirable
feature; though this effect would in any case be tempered
in systems such as Pvull by the weak second promoter
(independent of C activation) that provides a basal
amount of the activator (28). The autogenous activation
by C is a double-edged sword—it can result in desirable
switch-like behavior, with a period of low C (and REase)
levels followed by a rapid transition to substantial expres-
sion of both, but could also result in potentially dangerous
overexpression of the REase. This may explain why, in at

least several tested cases, C is not only an autogenous
activator, but also an autogenous repressor. Indeed,
when the repression site bound by C.Pvull was disrupted
while its activation site was left intact, a huge increase in
C-dependent transcription was seen (21).

Given the critical importance of maintaining an appro-
priate balance between MTase and REase activities, it is
noteworthy that negative autogenous regulatory circuits
have been shown, both theoretically and experimentally,
to increase gene expression stability (29,30), whereas
positive autogenous regulatory circuits can exhibit
hysteretic behavior, where expression is influenced by the
recent history of the cell (26,31). Regulation by C protein,
which involves both positive and negative autogenous
regulation, might benefit from a combination of advan-
tages. Although hysteretic expression has not been
demonstrated for RM systems, it theoretically would
make their control more robust with respect to random
perturbations. Specifically, cells that had recently ex-
pressed C protein (and thus REase) at low levels would
have a higher induction threshold than cells that had
recently expressed C and REase at higher levels, helping
to prevent premature expression of REase.

The purpose of this study was to use a combination of
mathematical modeling and laboratory experimentation,
to assess the possibility that C-regulated RM systems such
as Pvull exhibit hysteretic bistable regulatory behavior.
We report both that the Pvull RM system is hysteretic,
and that this behavior is dependent in part upon an
element not previously examined in RM system regula-
tion—gene copy number.



MATERIALS AND METHODS
Mathematical modeling

We constructed and analysed models using the Design
Space Toolbox for MATLAB 1.0 (32). We simulated de-
terministic models with the MATLARB stiff solver, odel 5s,
and simulated stochastic models with an implementation
of the Euler—-Maruyama method (33) in MATLAB. All
tests were performed using MATLAB 7.8 (R2009a).

Bacterial strains, plasmids and growth conditions

We used two Escherichia coli K-12 strains. The genotypes
of EPI300 (the CopyControl™ strain; Epicentre) and
TOPI10 (Invitrogen) are both F- mcrA A(mrr-hsd RMS-
merBC) @80dlacZAMIS AlacXT4 recAl endAl araD139
A(ara, leu)1697 galU galK - rpsL (Str®) nupG tonA.
@80lacZAMI1S5 contains the entire /ac operon (though
with part of lacZ deleted), including lacl?. Compared to
TOP10, strain EPI300 carries ParaBAD-trfA in addition.

To make pKW177, the araE gene was PCR amplified
from pJATI13araE (Addgene) and inserted at the Kpnl
and EcoRIsites of pBad24 (34). pUCI19 (cut with Smal
and Sbfl) was ligated with araE-araC from pBad24 (cut
with Nael and Sbfl). The new clone was cut with ApalLl,
and the segment containing Plac-araEC was ligated into
ApaLl-cut pACYC177 yielding pKWI177. To make
pKW178, the ParaBAD-pvullC segment was isolated
from pIM1 (21) by digestion with ApaLl and Agel, and
inserted into pKW177 at the ApaLl and Agel sites.
pKW3.4 was prepared by cloning the full PvullRM
system by digesting pPvuRM3.4 (6) with EcoRI
and BamHI, and inserting into pCCl (the
CopyControlTM vector; Epicentre) (35) cut with the
same two enzymes.

In the arabinose titrations (see next section), some
experiments used E. coli TOP10 carrying pDK435 (36)
[based on pKK232-8 (37) and carrying PpvullCR-lacZ],
together with either pIM1 (21) or pKW21 (this work;
both are based on the vector pPBAD24, and both carry
ParaBAD-pvullC; pKW21 carries, in addition araFE). In
other experiments, E. coli EPI300 was used carrying
both pKW3.4 (this work) and pKW177 (this work).

Experiments were carried out at 37°C, with aeration, in
defined rich medium (MOPS rich, TekNova) containing
glucose. Media were supplemented as appropriate with
arabinose or antibiotics.

Arabinose titrations

Arabinose titrations were used for two distinct purposes.
Some experiments used E. coli TOP10 with pDK435
(PpvullCR-lacZ) and either pIM1 or pKW21 (ParaBAD-
pvullC + araE). In these experiments, increasing arabin-
ose leads to increasing amounts of C.Pvull protein. In
other experiments, E. coli EPI300 was used carrying
both pKW3.4 and pKWI177. In these experiments,
increasing arabinose leads to increasing copy numbers of
pKW3.4. For the hysteresis experiments, 20 doublings
were allowed in the new medium before sampling for
RNA analysis. Log phase cells in one of two starter
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cultures were diluted 1:10° into media with a range of
arabinose concentrations. For additional details, see text.

QRT-PCR

Culture samples were removed directly into tubes contain-
ing RNA Protect™ (Qiagen) and stored as cell pellets at
—80°C until use. Sample volumes were corrected for
culture ODgponm to maintain similar cell numbers.
Samples were immediately mixed with 2ml of RNA
Protect reagent (Qiagen), and total RNA was isolated
using the RNeasy Mini kit (Qiagen). cDNAs were
obtained by using random hexamer primers (Invitrogen)
and ImProm-II Reverse Transcriptase (Promega), per
manufacturer’s protocols. Primers (Integrated DNA
Technologies) were designed with Primer3 software to
obtain a common T, and similar PCR product sizes.
The primers used are listed in Supplementary Table S1.
A LightCycler (Roche) was used with manufacturer’s
software. The PCR was performed in triplicate. Each
reaction contained dNTPs (0.2mM), PCR buffer (1x),
primers (1M), SYBR Green I dye (1:20000) and
Platinum Taq DNA polymerase (0.5 U; Invitrogen). The
cycling parameters were 95°C for 2min, followed by 40
cycles of 94°C for 5s, 59°C for 5s, 72°C for 15s; and
finally the melting curve (59°C-94°C) program for
quality control. The mRNA levels for the target genes
were quantified from the Ct value.

Western blots

Culture samples were centrifuged at 16 000g for 5min. The
cell pellets were stored at —80°C until analysis. Pellets
were resuspended in 2x SDS buffer (Invitrogen), and
lysed by heating to 95°C for 10min. Extracts were
resolved on SDS-polyacrylamide gels (10%-20% Tris-
Glycine NuPAGE Novex gradient gels; Invitrogen), and
electroblotted to PVDF membranes. The blots were
probed with a polyclonal rabbit antiserum against
C.Pvull (21), and then with goat anti-rabbit antiserum
conjugated to horseradish  peroxidase (Strategic
BioSolutions). Loading variation was determined by
reprobing for the naturally biotinylated protein BCCP
(38) with streptavidin conjugated to horseradish peroxid-
ase (Sigma-Aldrich). In both cases, the peroxidase was
detected with Super Signal West Pico chemiluminescent
substrate (Pierce), per the manufacturer’s protocol, and
luminescence measured in an Omega Molecular Imaging
System (UltraLum).

RESULTS
Modeling the Pvull RM system

The three genes of the Pvull RM system are represented in
Figure 1. Two oppositely oriented transcriptional units
yield, respectively, the MTase (gene pvulIM) and both
the C protein and REase (pvulICR). Each transcriptional
unit includes two promoters (28,36). In the case of
pvwulICR, the upstream promoter is weak but active in
the absence of the Pvull C protein (C.Pvull), and is
believed to initiate the positive feedback loop when the
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Pvull genes enter a new host cell. The downstream
promoter (PpvullCR2, or Pcr2) is strongly activated,
and also repressed, by C.Pvull. In a previous study,
where Pcr2 was fused to the lacZ reporter gene, steady-
state exposure to an increasing range of C.Pvull levels led
to a rise, then a sharp drop, in transcription (21). C.Pvull
dimers bind cooperatively to two sites on the DNA—O,
binding is associated with activation and Ogr with repres-
sion. In Pvull, Ogr overlaps the Pcr2 -35 hexamer
(Figure 1), and selective disruption of Opg leads to
greatly increased lacZ transcription in the model system
just described (21). In studies of a different C-dependent
RM system (AhdI), there is evidence for competition
between RNA polymerase and C protein for the O site
(39).

In attempting to understand the C-dependent regulation
of RM systems, we used two types of mathematical
modeling. In one, modeling was focused specifically on
the Pvull system; the parameter values were estimated
and the behavior simulated (not shown). The goal of
this type of modeling is to see if the model faithfully
reproduces known behavior of the real system, and
predicts real behavior that was previously unknown. The
AhdI system has been usefully modeled in this way (39),
and includes some features relatively unique to that
system, such as methylation feedback (see Introduction).
In the second type, modeling was applied to the large
C-regulated class of RM system (22,23) that includes
Pvull, looking for qualitative behavior that reflects
system architecture and the signs (+ or —) of the inter-
actions. For this type of modeling, quantitative values are
not required for all the parameters; indeed, this approach
is most useful for teasing out design principles of systems
for which values for several parameters are not yet avail-
able. The goal is to obtain qualitative predictions that
apply to an entire class of systems (26,30,32,40-43).

A schematic diagram of the mathematical model is
shown in Figure 2A. This version of the model focuses
on the RM system in isolation, ignoring for now issues
such as the competition of changing levels of bulk DNA
for the activating C protein, or changes in the levels of
available RNA polymerase or ribosomes. For complete-
ness, and because the Pvull genes naturally reside on a
plasmid, gene copy number was included in the model (®),
though population noise in copy number was not (44).
The native plasmid, pPvul, includes mob genes (7),
implying that it could transfer between cells via conjuga-
tion (in the presence of a conjugative plasmid) (45). This
would result in the genes entering in single copy, followed
by a rise to the normal copy number of the plasmid (which
may depend on environmental conditions). Thus it seemed
prudent to include gene copy number in the model.

Simulations of Pvull gene expression kinetics were run
at different fixed gene copy numbers and, unexpectedly,
predicted a sharp threshold effect. Below a given copy
number (Figure 2C), MTase levels rose to a stable
pleateau but REase levels indefinitely remained very low.
In contrast, above the copy number threshold, MTase
levels behaved essentially as at low copy number, but
REase levels spiked after a 12-14 min delay and plateaued
at a substantially higher level. The model-predicted
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Figure 2. Modeling C-dependent RM systems. (A) Core circuit,
generalized for C-dependent systems. In this initial model, C and R
are combined (as R) since, in virtually all known C-dependent
systems, they are cotranscribed. Chromosomal DNA is represented as
P (Protectively methylated) U (Unprotected) and Q (cleaved). Other
variables are defined on the left of the figure. N represents nucleotide
pools (NTPs and dNTPs, as appropriate), whereas A represents
aminoacyl-tRNA pools. (B, C) Simulations were carried out at two
different fixed values of phi (gene copy number): B = 11 copies,
C = 8 copies.

threshold was 11 gene copies, but given the number of
estimated parameters we were most interested in whether
or not a sharp threshold really existed at all.

We proceeded to test the model’s predictions in two
ways, based on the two physiological ramps likely to be
encountered by an RM system such as Pvull after it enters
a new host cell: increasing levels of the C activator-repres-
sor, and increasing DNA copy number. Accordingly, we
first determined the kinetics of responses to varied
amounts of C.Pvull, at fixed gene copy number. Next,
we adapted a method for varying the steady-state copy
number of a plasmid, and determined the effects of copy
number and previous culture conditions on Pvull gene
expression.

Kinetics of response to C.Pvull

The first perturbation we used to test the model was a
range of increases in concentration of the activator—re-
pressor, C.Pvull. A steady-state in vivo titration analysis
was previously carried out (21), but not a kinetic analysis.
As with that steady-state titration, we used a two-plasmid
system (Figure 3A) with the gene for C.Pvull fused to an
arabinose-inducible promoter (ParaBAD-pvulIC), and the
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Figure 3. Induction kinetics of pvulICR operon. (A) System used. To allow stable titration with C.Pvull, its positive feedback loop was broken by
placing the pyvullC gene under control of the arabinose-inducible ParaBAD promoter (top), while fusing the lacZ reporter gene (B-galactosidase) to
the promoter that normally controls pyulIC and is regulated by C.Pvull (PpvulICR, middle; including both Pcrl and Pcg2). The strain background
was E. coli TOP10. The tet gene (tetracycline resistance) is on the same plasmid as /acZ, and was used to normalize gene expression in some
experiments. The C.Pvull binding sites are shown at the bottom, with ovals representing C.Pvull homodimers. Some experiments use a non-
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measurements from western blots of cell extracts. C.Pvull was detected by a polyclonal primary antiserum, with final readout via luminescence
densitometry. Means of triplicates, £ SE, are shown. The loading normalization was to BCCP, a naturally biotinylated E. coli protein. See Methods

for details.

promoter controlled by C.Pvull fused to a reporter gene
(PpvullCR-lacZ). The different arabinose levels had no
significant effect on growth rates (Supplementary
Figure S1).

We first characterized the arabinose-dependent induc-
tion times of pvullC mRNA and C.Pvull protein in this
system, to provide a reference point for examining
response of the PpyvullCR promoter. C.Pvull is an 84 aa
polypeptide, which should take 6s to be translated, at the
elongation rate of 14 aa/s (46). Supplementary Figure S2
(panel A) shows the transcriptional response, with induced
levels diverging from the baseline 1-4 min after arabinose
addition, and continuing to rise for at least 90 min.
However for the purposes of this study, the more
relevant parameter is levels of the C.Pvull protein. A
western blot quantitation is shown in Figure 3B. The
blots were probed with a polyclonal antiserum against
C.Pvull, and normalized for loading variation by
reprobing for the naturally biotinylated E. coli protein
BCCP. Induction is clear within 1 min, and is still rising
after 1h. In this system, background production of
C.Pvull protein was undetectable. The protein/mRNA
ratios for pvullIC are not proportional (Supplementary
Figure S2, panel B) and, while they may suggest an inter-
esting translational regulatory phenomenon, they clearly
indicate the importance of using protein rather than
mRNA measurements for interpreting the following
experiments.

We next assessed activity of the WT PpvulICR
promoter in response to these temporal ramps of
C.Pvull, by measuring expression of the linked lacZ
gene (Figure 4). The tet gene, on the same plasmid as
the lacZ gene, served as the reference mRNA. At

various times after adding inducer, portions of the
culture were assessed for [-galactosidase activity or,
after being fixed (to stop transcription and stabilize
existing mRNA), lacZ mRNA was quantitated via
QRT-PCR. In panel A, there is a consistent ~10min
delay between arabinose addition and appearance of
lacZ mRNA. Some of this lag reflects the accumulation
of C.Pvull (included in the model), some is the searching
time for C-boxes amid the huge excess of non-C-box DNA
(not included in the model), and some is the time it takes
for RNA polymerase to elongate from PpvulICR to the
region of lacZ used for QRT-PCR (roughly 70 s at ~40 nt/
s (46,47); included in the model for pvullCR, but lacZ is
much larger than pvullCR).

Strikingly, about 30 min after arabinose addition, as
indicated by the arrow (Figure 4A), the highest arabinose
(and C.Pvull) level began to yield less transcription from
PpvulICR than did a lower amount of arabinose. The
existence of a crossover point was predicted from the
known dual function of C.Pvull as both activator and
repressor (21), but to test this interpretation we repeated
the experiment with the non-repressing variant of
PpyvullCR (Figure 4B). Unlike the WT results, the non-
repressing variants show no sign of approaching the
maximal expression rate within the 90 min period of the
experiment. More importantly, there is no crossover and
the induction responses increase monotonically with ara-
binose concentration.

The B-galactosidase activity (Figure 4, panels C and D)
reveals a comparable pattern. Specifically there is a cross-
over point, about 30 min after pvulIC induction, with the
WT promoter (arrow in panel C) but not with the non-
repressing variant. For reasons described in the following
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section, we tested whether constitutive expression of the
arabinose transporter araFE would affect these results, but
found it had only marginal effects (Supplementary Figure
S3; perhaps due to the limited timecourse used).

Effects of gene copy number

We next tested the effects, on Pvull gene expression, of
systematically varying the copy number of the Pvull
genes. To do this, we adapted a system originally
developed for the purpose of having a plasmid that
could yield very low copy numbers for experiments,
while allowing amplification to high numbers to facilitate
purification and modification (35). This system is based on
a plasmid, pCCl, that has two separate replication origins
(Figure 5, upper). One, ori2 derived from the plasmid F,
responds to the pCCl-coded RepE protein and results in
maintenance of low copy number (1-2 per chromosome

equivalent of DNA). The other, ori)/ from the IncP
plasmid ColEI, responds to the protein TrfA and gener-
ates high copy numbers (in the absence of genes that
normally limit copy number). However #rf4 is not on
pCCl, but in the EPI300 chromosome, fused to the ara-
binose-inducible ParaBAD promoter. [Note that in some
other experiments in this study, ParaBAD and arabinose
are used to control expression of pyvulIC, in a host strain
lacking trfA. In this section and the next, arabinose
controls plasmid copy number and has no direct effect
on pvullC expression.]

We found it necessary to make two modifications to this
system in order to achieve a smooth and predictable vari-
ation of copy number with inducer concentration. First,
when maintained in the E. coli strain EPI300, we found
the background (uninduced) pCC1 copy number was sub-
stantially higher than when in strains lacking the #rf4
gene. This suggested significant background expression
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Madison, WI), with the Pvull RM system inserted. As described in
the text, some variants of this plasmid lack the Avi tags on pvullR
and/or pvullM (yellow circles). In standard E. coli host strains, repli-
cation of this plasmid is controlled by RepE acting at ori2 and results
in very low copy number. In the Epicentre CopyControl™ E. coli host
EPI300, copy numbers can be induced to higher levels via a
chromosomally coded #rf4 gene. The responsiveness of this system to
induction was improved by adding a second plasmid, pKW177 (lower),
which is the low copy vector pACYC177 with two inserted genes. One
is araC, which specifies the arabinose-responsive regulator and provides
a lower background (uninduced) copy number for pCCI. The second
gene is araF, the arabinose transport protein, which eliminates the
population inhomogeneity that results at intermediate inducer levels,
due to a positive feedback loop involving induction of inducer
uptake. pKW178 has, in addition to the genes in pKW177, the
pvullC gene under control of Ppap. In strains other than the
CopyControlTM E. coli strain EPI300, arabinose does not affect
pKW3.4 but induces expression of pvullC from pKWI178 if that
plasmid is present. The genes cat (chloramphenicol resistance) and
kan (kanamycin resistance) are used as indicators of copy number for
the two plasmids in subsequent experiments. See the text for references.

of trfA, at least under our growth conditions (MOPS-rich
medium including glucose; see Methods). We thus
introduced a compatible second plasmid carrying the
araC activator-repressor gene (Figure 5, lower; plasmid
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Figure 6. Induction range of plasmid copy number. E. coli strain
EPI300, containing the two plasmids pKWI177 and pKW34
(Figure 5), was grown overnight in MOPS-rich medium containing
various amounts of arabinose, using inocula such that the cultures
never reached stationary phase. These were used to inoculate cultures
at the same arabinose levels. Plasmid DNA was extracted in mid-loga-
rithmic phase, and the cat (pKW3.4) to kan (pKW177) copy number
ratios determined via QRT-PCR. The inset shows kan copies per fixed
amount of total cell mass. The apparent copy number of pKW3.4 (right
axis) is determined by multiplying the plasmid ratio by the measured
copy number of ~15 pACYCI184 per chromosome equivalent of DNA
(see text for references).

pKW177 does not carry pyvullC). In the absence of ara-
binose, this led to increased repression of ParaBAD-trfA,
as evidenced by a lower baseline pCCI copy number (not
shown). In addition, E. coli EPI300 has a functional ara-
binose transporter, specified by araF, that is itself induced
by arabinose. Induction of the transporter greatly sensi-
tizes the cell to exogenous arabinose, and at intermediate
levels of the inducer the cells can be in two distinct
subpopulations showing very different levels of induction
(48). To avoid this, our second modification was placing
araFE on the second plasmid, similar to an approach taken
earlier (49). As illustrated in Figure 5, these two ara genes
are under control of the IPTG-inducible Plac, though in
practice the background levels of expression were suffi-
cient to allow stable, smoothly increasing pCCl copy
number with increasing concentrations of arabinose
(Figure 6). pPKW3.4 carries the Pvull genes in the pCCl
vector (Figure 5, upper).

Unlike the experiments in the previous section (C.Pvull
pulse), these experiments employed cultures growing in an
approximation of steady state. Separate starter cultures
were grown for each tested concentration of arabinose,
and diluted in mid-log phase into the larger culture of
the same medium. As reference genes for these studies,
we used the antibiotic resistance genes on the two
plasmids. The kan gene on the pACYCI177-derived
araEC plasmid should not change copy number in
response to arabinose. The inset in Figure 6 shows no
arabinose-dependent variation in the ratio of kan to
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total DNA. In contrast, the cat gene on the pCCl-derived
plasmid carrying the Pvull genes should increase in copy
number with increasing arabinose. The main part of
Figure 6 shows a predictable relationship between arabin-
ose levels and copy number, ranging from ~2 to ~95,
based on a copy number of 15 for the pACYC177-based
kan plasmid (50). For comparison, an antibiotic-resistant
derivative of the original Pvull plasmid pPvul (from
Proteus vulgaris) yielded a copy number of 13-15
(in E. coli grown in rich medium) (6,7).

The effects on Pvull gene expression are shown
in Figure 7. Panel A shows cDNA (mRNA) copies,
normalized to those from the fixed-copy kan gene; the
inset shows kan cDNA copies normalized to total
cDNA, and reveals no significant variation with arabinose
level. Since the intact, WT Pvull RM system genes are on
the pCCl1 plasmid, the default assumption would be that
all gene products scale monotonically with copy number.
At the translational level, this appears to be a valid
assumption (Figure 7, panels B and C). The REase gene
carries a carboxyl-terminal Avi tag, that results in
biotinylation in vivo (51) (again, naturally biotinylated
BCCP protein served as an internal loading reference).

However the transcriptional responses are a more direct
measure of PpwulICR activity, and both pvwullC
and pvullR mRNA levels show a discontinuity with
respect to plasmid copy number (Figure 7A). The transi-
tion begins at ~0.0008% arabinose, corresponding
(per Figure 6) to a copy number of ~45. While the tran-
sition point is at a higher copy number than predicted by
the initial model, presumably due to our need to use esti-
mates for some of the parameter values, this result is con-
sistent with a key prediction of the model. Accordingly, we
examined this further by testing for hysteretic behavior.

Hysteresis in Pvull gene expression

Hysteresis in gene expression refers to responsiveness not
only to the current level of a given regulatory signal, but
also to the recent history of that signal’s levels (26,31). The
combination of positive and negative feedback loops in
C-dependent RM systems such as Pvull is often associated
with hysteretic behavior (52,53), and the discontinuous
response of PpvulICR to copy number (Figure 7A) was
consistent with switching and possibly bistability.

To test this for Pvull, we repeated the copy number
experiments from the previous section with one change.
Instead of growing multiple starter cultures in the various
arabinose concentrations at which that culture would later
be grown for the experiment, we used two different log
phase starter cultures (0% and 0.1% arabinose) and used
each of them to inoculate a series of triplicate cultures at
varying arabinose levels (Figure 8A). Cultures were
diluted 1:10° and grown for ~20 doublings in the new
medium (54), to mid-log phase, before fixation and
RNA extraction.

The most important result is that the two starter culture
conditions led to markedly different results, for both
pvullC and pyvullR mRNA (Figure 8, panels C and D).
The cultures originating from —+Ara starters (squares)
showed a sharp threshold at ~0.0008%, whereas those

from the —Ara starters (circles) exhibited a much more
gradual increase. As predicted, and as an internal
control, no evidence of hysteresis was seen for the
MTase gene pvullIM  (unpublished observation).
Furthermore, this hysteresis was not apparent in the
plasmid copy numbers (Figure 8B).

A model giving the best fit to the data is shown (orange
line in panels C and D of Figure 8). As noted earlier, in the
initial formulation of the model (Figure 2A), no distinc-
tion is made between C.Pvull mRNA and R.Pvull
(REase) mRNA, as they are cotranscribed and no inde-
pendent pyvullR promoter is evident (28). The change in
pvullCR bicistronic mRNA, Y, is given by the difference
in the rate of synthesis and the rate of loss with first-order
rate constant B;. The rate of synthesis is modeled as a
rational function that has a minimum or basal value
Min® = diMax®/ 0, Where p = anvax/@min, in the absence
of the C-protein activator-repressor (X). Y increases in a
sigmoid fashion toward a|max¢ as X exceeds the concen-
tration for half-maximal activation, K4. With further in-
creases in C protein, the rate begins to decrease toward
aimin® as X exceeds the concentration for half-maximal
repression, Kz. The cooperativity associated with the
activation is given by the Hill coefficient (p), and that
associated with the repression by n.

The change in C.Pvull (X) is given by the difference in
the rate of synthesis, a; Y that is proportional to the con-
centration of the pvulICR mRNA, and the rate of loss
with first-order rate constant S;.

i—if = alMax¢%+(K_)2)p:% (KLRZH -BY
R
d—/f = azY— ,32X

In steady state, these two equations can be combined to
yield the following algebraic equation that relates copy
number to C.Pvull levels:

P n
%+(K_)i> +%(K_XR) BB
[ =
H(K_XA) +<K_);> O Max 02
P n
(@) (%)
OI‘¢=)/X1 Vo1 x\"
st (K—) * ;(x—)
This is the equation used to fit the experimental data.
The values for the parameters are the following:
Ky=245 Kr=20, p=23,y=3.13, p=8 and n=1.
The relationship between ¢ and %Ara used in the fitting
was ¢ = 16+2 xlog 10(%Ara). The parameter y simply
shifts the entire curve along the ¢ (%Ara) axis without
changing the shape. The capacity for regulation, p,
roughly determines the difference in the slopes at the
extreme values of %Ara.
The model (S-shaped orange curve) predicts three

possible steady states in the middle of the copy number
range: two represent stable steady states, and those are the
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Figure 7. Pvull gene expression in response to gene copy number. (A) Transcriptional responses. Reverse transcript QRT-PCR was used to deter-
mine the levels of the mRNAs for the Control protein (C, squares), and REase (R, circles) relative to that for kan (inset, normalized to total RNA).
The experiment was carried out as described in Figure 6. (B, C) Translational responses. Panel (B) shows densitometry of triplicate western blots
(mean £ SE) such as the one shown in panel (C). Note that panel (C) is taken from a film image exposed to maximize visibility, while the
quantitation is from luminescence densitometry. The Pvull REase (R) includes a carboxyl-terminal Avi tag (55), that is biotinylated in vivo.
Levels were normalized to BCCP, the one E. coli K-12 protein that is naturally biotinylated (inset in panel (B), relative to constant total
protein). Panel (C), probed with streptavidin-HRP, indicates the positions of size markers (left), and two control extracts from the vector pCCl1
(only BCCP is labeled) and pKW34-avi2 [only BCCP and MTase (latter not included in section of blot shown) are labeled].

ones that fit the experimental data. The third steady state
(middle of S-curve, with no data points) is unstable, exists
only transiently, and would not generally be observed
experimentally. The most influential parameters in
providing a good fit to the data in Figure 8 are the
cooperativity for activation, p, and the half-maximal
concentration for activation, K4. In contrast, n and Ky
(the repression terms) are less critical. Our data suggest
that one of the hysteretic thresholds occurs at a copy
number of ~10. The best fit to the data yields an
estimate of 3.1 for the ratio of the rate constant for
C loss (B;) to the maximum rate of C synthesis per
gene copy (dmax). For cells growing exponentially with
a doubling time of 1h and a completely stable C protein,
the first-order rate constant for C removal is the dilution
rate (0.693/h) and V.« is 0.22, where concentration units
are hour/gene copy. A faster doubling time or a
more labile C protein would shift the entire hysteretic
pattern to higher copy numbers. Conversely, slower
growth would shift the hysteretic pattern to lower copy
numbers. Such shifts could also be caused (in a reciprocal

fashion) by changes in the maximal rate of C gene
transcription.

DISCUSSION

RM systems play important modulatory roles in the flow
of genetic information between bacterial and archaeal
cells. Their relative ubiquity among these cells suggests
their importance, and their frequent presence on mobile
genetic elements indicates that RM genes routinely move
into new host cells. Thus a key feature of RM system gene
control is ensuring a lag, presumably as short as possible,
between the appearance of MTase and REase activities.
This lag is required to protectively methylate the new host
cell’s DNA, and prevent REase-dependent lethal damage
to the chromosome, as illustrated by the inability to trans-
form cells with the Pvull RM system genes if they already
contain the pvulIC gene (11,28). Determining the basis for
such regulation will deepen our understanding of the roles
of RM systems, including their effects on gene flow among
bacteria and archaea.
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Figure 8. Hysteresis in the Pvull RM system. (A) Summary of the experiment. Two overnight cultures (that did not reach stationary phase) were
grown in MOPS-rich medium containing either 0% or 0.1% arabinose. These were then used to inoculate medium containing a range of arabinose
concentrations. This experiment was done in triplicate, starting with three different colonies. RNA was then extracted and subjected to reverse
transcription QRT-PCR, using kan mRNA levels as the baseline. (B) Relative plasmid DNA copy number. The experiment was carried out as in (A),
but samples analysed as in (Figure 6) to determine copy number of the pCCl-based plasmid. Symbols indicate the averages from two experiments,
and bars indicate the range. Gray circles indicate cultures diluted from the starter culture lacking arabinose; black squares indicate cultures diluted
from the 0.1% arabinose starter culture. (C) Results for the C-protein gene, pvulIC. The three culture sets inoculated from the 0% arabinose
overnights are shown as circles, and the three started from 0.1% overnights shown as squares. The thick orange line in the background shows the
results of a mathematical model fit to the data. (D) Results for the REase gene, pvulIR, otherwise as in (C).

Guided by our modeling analysis, we explored two
temporal phenomena to which the production of Pvull
REase was predicted to be responsive: biosynthesis of
the activator—repressor C.Pvull, and copy number of the
Pvull genes. In both cases, behaviors predicted by the
model were found experimentally, though the results sug-
gested that some of the parameter estimates need to be
revised.

With respect to growth in the absence of C.Pvull,
followed by sudden initiation of its synthesis, transcription
from the C.Pvull-controlled PpyvulICR2 promoter rose
after a lag of ~10min. A portion of this lag is systemic,
involving the time for C.Pvull to find the target promoter

among the excess of other DNA in the cell, and the time
for the long lacZ gene to be transcribed (though at 42 nt/s
(46), that would take <2 min). The C.Pvull searching time
may be increased in this model system, where pvullC is
expressed on a plasmid separate from the one carrying
PpvullCR—in the native system, proximity of C.Pvull
translation to the target promoter may greatly reduce
searching times. The extent of the lag did not depend on
the level of induction of pvulIC, which varies substantially
with different arabinose concentrations at post-induction
times less than 10min. For example, the amount of
C.Pvull protein that accumulated in 0.0002% arabinose
after 60 min was achieved within 1 min in 2% arabinose



(Figure 3B); yet the responses from PpvullCR-lacZ have
the equivalent 10min lag at both arabinose levels
(Figure 4A). Significantly, this lag appears to be shorter
in the variant of PpyvulICR2 in which the repression site
has been selectively mutated (Figure 4B).

C-protein-associated promoter regions typically have
two apparent binding sites for the C-protein homodimers
(21,22,56). There is high binding cooperativity between O
(activation) and Og (repression) sites, for at least C.Pvull
and C.AhdI (21,57). So it is noteworthy that even at the
highest induction level of C.Pvull tested, repression never
prevented activation of PpvulICR though it did dampen
the extent of the increase in transcription (Figure 4A).
This may provide indirect support for the model in
which RNA polymerase can occupy the promoter some
fraction of the time, and occlude Og, while not initiating
transcription until C protein occupies Oy (39).

To study the effects of gene copy number on expression
of a C-protein-dependent RM system, we adapted the
pCCl1 system (35) as described in Results. We were able
to obtain predictable copy numbers in proportion to the
amount of inducer added (Figure 7). The results of copy
number titration on transcription of the pvulICR operon
revealed a discontinuous response when approximating
steady-state growth in a given concentration of arabinose
(Figure 7A), and even more marked evidence for
hysteretic bistability when cultures were shifted from
high or low levels of inducer to a range of inducer con-
centrations and grown through ~20 doublings before
analysis (Figure 8). The discontinuity vs. copy number is
not simply titration of a fixed amount of C.Pvull regula-
tor, as the pyvullC gene in these experiments is carried by
the plasmid whose copy number is being varied (Figure 5,
upper). To fit the data (orange lines in panels C and D of
Figure 8), the model required a high cooperativity value
for C.Pvull-dependent activation. This could reflect both
homodimerization of the C.Pvull monomers as well as
interaction with the two half-sites of Oy (Figure 1).

Importantly, the sensitivity to DNA copy number is not
relevant only to plasmid-borne RM systems. Even for
chromosomal RM genes, growth-rate-associated changes
in the replication origin-to-terminus (ori/ter) ratio can dif-
ferentially affect their dosage, as more-rapid growth is
associated with relative amplification of origin-proximal
genes (58-60). In E. coli the origin-to-terminus ratio can
vary by over 8-fold. The onset of stationary phase would
be expected to affect copy numbers for plasmid based
[e.g., (61)] as well as chromosomal genes. According to
our model and results, reduced copy numbers would
tend to bias RM expression in favor of protective methy-
lation. This difference would be accentuated by the
apparent transcriptional attenuation between pvullC and
pvullR, such that there is about twice as much pvullC
mRNA as pvullR mRNA in growing cells (24).

Hysteretic expression has not previously been
demontrated for RM systems, but could be valuable in
lengthening the period of low REase expression immedi-
ately after the RM genes enter a new cell, while also
expanding the conditions under which REase expression
is elevated after the RM system has become established in
the cell. Our results presumably apply broadly to the fairly
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large set of C-protein-controlled Type IIP RM systems.
The possibilities of gene copy number responsiveness
and hysteresis in other Type IIP RM systems that lack
C proteins, and in other Type II systems (such as Type
I1G, where the REase and MTase are fused), remain to be
determined, though the same potential benefits would

apply.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1 and Supplementary Figures 1-3.
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