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Initiation of replication of the Escherichia coli plasmid ColE] is inhibited by formation of a
complex between a small plasmid RNA (RNAT) and the pre-primer for DNA synthesis
(RNATI). Complex formation (and inhibition of replication) is enhanced by the plasmid-
encoded Rom protein. The i vitro kinetics of complex formation were previously studied
both experimentally and theoretically. The in vivo concentrations and half-lives of RNA I,
RNATI and Rom protein have been measured recently. We present a dynamic model for
the in vivo replication control mechanism that accounts for the measured concentration
values. From the model we deduee a simple formula for the steady-state plasmid
concentration. Qur results agree with a previous simple steady-state analysis done by
Brenner and Tomizawa, in that plasmid eopy number is most strongly dependent on the per
plasmid rate of RNAI synthesis. However, our model predicts other parameter
dependencies that are not evident from or at variance with the previous analysis.
Accordingly, we predict that plasmid copy number is greatly influenced by changes in the
rate constant describing the formation of an initial unstable RNA I-RX A IT complex, but is
only slightly influenced by changes in the dissociation rate of this complex. Plasmid copy
number per average cetl volume is predicted to increase linearly with increases in the
RNA 11 synthesis rate and with inereases in the generation time of the host culture. Rom
protein, which promotes conversion of the unstable RNA I-RNA IT complex te a stable
complex, serves to decrease copy number; however, its presence or absence does not seem to
qualitatively alter the copy number control mechanism. Our model predicts the
quantitative increase of plasmid copy number in rom~ mutants. Several experiments are
suggested to investigate the predictions of the model.
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1. Introduction

The factors and interactions invelved in replica-
tion control of the ColE] family of plasmids have
been studied in great detail (for reviews, see
Cesareni & Banner, 1985; Polisky, 1988; Kiies &
Stahl, 1989). Central to the regulatory mechanism
are two complementary RNA transcripts, RNA I
and RNATI, encoded upstream from the plasmid
origin of replication. Some proportion of the
RNA I transeripts that extend heyond the origin
form a stable hybrid with the template DNA near
the origin (Itoh & Tomizawa, 1980; Masukata &

1 Author to whom all correspondence should be
addressed.

0022-2836/93/040860-13 $08.00/0

Tomizawa, 1984, 1986). RNase-H-mediated
cleavage of some of the hybridized transcripts at the
origin yields a primer for the initiation of DNA
synthesis (Itoh & Tomizawa, 1980; Selzer &
Tomizawa, 1982). RNA T can interact with RNA 1T
to form an RNAT-RNA TT complex that prevents
RNA Il from tforming primer (Tomizawa & Itoh,
1981; Tomizawa, 1984). A 63 amino acid residue
protein (Rom or Rop) encoded downstream from
the origin of replication increases the interaction of
RNA I with RNAII and thereby inercases inhibi-
tion of replication (Cesareni et el., 1982; Som &
Tomizawa, 1983; Tomizawa & Som, 1984},

For inhibition to occur, RNA T must bind to the
nascent RNA TI chain before the RNA IT transcript
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forms a hybrid with the template DNA (Tomizawa,
1986). The kinetics of the binding reaction are there-
fore crucial to the regulation of primer formation.
The formation of a complex of RNAT and RNATI
in the presence and absence of Rom protein has
been studied in witro for wild-type and mutant
RNAs (Tomizawa, 1984, 1985; Tomizawa & Som,
1884; Daoley & Polisky, 1987). The formation of
complex appears to follow a stepwise mechanism
whereby initially RNA T and RNA TT interact tran-
siently via loop-loop interactions and subsequently
base-pairing proceeds from the 5-end of RNAI
until RNA I is completely hybridized to the comple-
mentary sequence in RNAII (Tomizawa, 1984,
1990a).

Although a number of kinetic models have been
presented for copy number control of ColEl plas-
wids (Seo el al., 1985; Bremer & Lin-Chao, 1986;
Ataai & Shuler, 1986, 1987; Peretti & Bailey, 1987;
Keasling & Palsson, 1989a,b; Brenner & Tomizawa,
1991), these models do not incorporate many
recently discovered kinetic details such as the
formation of an unstable complex between RNAT
and RNATI. Here we develop a model of copy
number control based on our previous analysis of
the kinetics of RNA I-RNA II interaction in wvitro
{Perelson & Brendel, 1989). 1t is shown that incor-
poration of synthesis and turnover of DNA, RNA
and protein, as well as bacterial growth into the
model leads to a functional copy number control
mechanism of the inhibitor dilution type {Pritchard
el al., 1969; Pritchard, 1984). The model can
correctly account for the decrease in copy number in
the presence of an intact rom gene as well as for the
increase in plasmid concentration observed with
diminished bacterial growth rate. Furthermore, the
modei gives a rationale for the changes in copy
number seen with various mutant plasmids. The
mathematical presentation of the model is given in
the next section, followed by sections on model
predictions and the mechanism of replication
inhibition.

2. Kinetic Model of Replication Control

Figure 1 shows in schematic form the kinetic
relationships between different molecular species
involved in the control of plasmid ColE1 replication,
The following variables are considered:

I’ concentration of free plasmid DNA.

Dj; concentration of plasmid DNA complexed with
an RNA 11 molecule of length 110 to 360
nucleotides.

D} concentration of plasmid DNA complexed with
an RNA Il molecule of length greater than 360
nucleotides.

I, concentration of replication-primed plasmid
DNA.

I¥ concentration of unstable complex of RNA I
with plasmid-bound RNA IT.

D, concentration of stable complex of RNA T with
plasmid-bound RNA II.

Dy, concentration of an intermediate complex of
RNA T with plasmid-bound RNA IT and Rom
protein.

R; concentration of free RNAT.

R;; concentration of free RNA I1.

M concentration of free Rom protein.

In modeling the various regulatory interactions
we assume that RNA T and Rom protein are freely
diffusing in the cytoplasm and are able to interact
with any plasmid present. Such trans action of
RNAI was demonstrated, for example, by
Tomizawa (1985}, who showed that RNAT of a
heterologous coinfecting plasmid can interact with
ColE1 RNA I

Plasmid DNA is initially associated with the pre-
primer form of RNA1I. For RNA1 to prevent
primer formation it must complex with DY, the
plasmid-bound RNATIF transcript when it is
between about 110 and 360 nuclectides long
(Tomizawa, 1986). Some of the RNAII tran-
scripts escape interaction with RNA 1, elongate to
D%, hybridize with DNA at the origin of replication,
and are processed by RNase H to form primer (D),).
The concentration and activity of RNase H will be
assumed constant and incorporated into an effective
rate constant, k,, for primer formation from Dj,
(Fig. 1). Once a primer is formed, plasmid DNA is
replicated with rate constant kp and the RNAIT
primer is excised and released (Itoh & Tomizawa,
19803, RNAIT transcripts that escape interaction
with RNAT due to elongation and release are
accounted for by the conversion of D, back into D,
with rate constant k_, Released RNATI is
presumed to play no further role in replication
control, but the concentration of free RNAIT is
kept track of in the model as one of the experi-
mentally measurable quantities. Although our
previous in vitro model (Perelson & Brendel, 1989)
could be used to describe the kineties of potential
interactions between released RNA TT transcripts
and RNA T, we believe that such interactions are
not important in copy number control and may be
left out of the in wive model without harm. The
justification for this is that the number of RNAT
molecules per cell is sufficiently large (Brenner &
Tomizawa, 1991) that possible binding with released
transcripts should not significantly decrease the
pool of free RNA 1. Similarly, free Rom protein is
present at sufficiently high concentrations that it is
justified to ignore its possible depletion by inter-
action with free RKNAIT-RNAII complexes
{(Brenner & Tomizawa, 1991).

The inhibitory processes are modeled as suggested
by the in vitro binding kinetics (Perelson & Brendel,
1989): (i) formation of an unstable complex (D¥)
between RNA T and plasmid DNA-bound RNA I
of appropriate length (D,); {il) conversion of this
unstable complex to a stable RNAI-RNAII
complex (D), (iil) dissociation of stable complex
from the DNA template. Dissociated stable
complexes are partially double-stranded RNA and
are assumed to be degraded without playing any
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Figure 1. Kinetic scheme of the ColEl replication
control mechanism. Plasmid DNA oceurs either in free
form (D) or in association with RNATI transcripts (for
short transcripts of 110 to 360 nucleotides, Dj; for longer
transcripts that extend beyond the origin, I},}, with
RNATIT primer (1)}, or with bound complex (D}, Dy,, D).
Short-length plasmid-bound RNATIT (Dj)) forms an
unstable complex with RNA I (D¥). D¥ converts directly
or after association with Rom (M) protein (forming D)
to stable complex D,, which subgequently converts back
to free DNA as the RNAs are released. The replication
step is conversion of primed DNA (D,) to free DNA (D).
The eonversions between the different states occur at the
rates indicated. DNA-dependent synthesis of RNA T and
Rom protein is not represented.

further role in the model. We assume that Rom
protein binds to the unstable complex D¥, forming
an intermediate complex (D)) composed of RNAT,
plasmid DNA-bound RNAII and Rom protein,
which then rapidly converts into the stable RNA I-
RNA II-DNA complex, D.. Rom protein, by
providing an alternative pathway for the formation
of stable complex, makes the interaction of RNA I
with RNA TT more efficient. In the absence of Rom
protein, a large fraction of RNA I-RNA II inter-
actions are transient and are foillowed by rapid
dissociation. ITn the presence of Rom protein, the
unstable complex D¥ is rapidly converted into a
more stable form, D), and dissociation is thus
prevented.

Other molecular reactions included in our model,
but not depicted in Figure 1, are synthesis of RNA 1
and of Rom protein, at rates k; and k,, per plasmid,
respectively. We assume these rates to be constant,

although they may be influenced by factors con-
comitant with high plasmid copy number.
Degradation or decay of RNAT, RNA II and Rom
protein is assumed to occur at rates g, g, and g,
per molecule, respectively. RNAT degradation is
known to be a stepwise process, involving: (1} an
initial, rate-limiting RNase E-mediated endonucleo-
lytic cleavage that removes the five §'-terminal
nucieotides; and {2) subsequent degradation of the
RNase E cleavage product (called RNAT 5} by an
unidentified ribonuclease (Lin-Chao & Cohen, 1991).
The parameter g; in our model represents the overall
degradation rate constant, of functional RNA 1. This
is essentially the rate constant of the first step in the
pathway, as the second step is very rapid, and also
the RNAT_; has greatly reduced capacity to bind
to RNAII (Tomizawa, 1984; Tamm & Polisky,
1985; Lin-Chao & Cohen, 1991).

Plasmid copy number is measured ex perimentally
for cultures of host bacteria. The observed values
may subsequently be converted to mumbers per
average cell volume or per cell mass (Brenner &
Tomizawa, 1991; see Bremer & Lin-Chao (1986) for
a discussion of appropriate choice of units). We shall
consider the total cytoplasmic volume of the host
culture as a homogeneous reaction volume (which is
growing exponentially with rate constant p due to
individual cell growth and proliferation). We
express concentrations in molarity, and we interpret
numerical results scaled to units per cell as average
values over all cells in the culture. For stochastic
models of plasmid replication that study the effect
of chance fluctuations at the single cell level on the
segregation of plasmids among daughter cells at cell
division and hence the distribution of plasmids in a
population, see Novick & Hoppensteadt (1978),
Ishii et al. (1978) and Seneta & Tavaré (1983).

Following standard mass action arguments
applied to the reaction scheme displayed in Figure
1, the following differential equations are set forth
to describe the in wivo kinetics of plasmid copy
number control:

2 = 2kDDp—(k”+}1)D+k_,D};+k_EDC (1a)

d
ddDjI =k D—(ky+ by By + ) Dy + ke DY (1b)
dih =k Dy — (e_y+ky,+ 1) DYy (lc)
% = k, Dy~ (kp+ D, (1d)
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dR
thz kyD—(k, Dy +e,+u)Ri+k_D¥ (1h)
dR ;
—ﬁ”= k—lDf'I_(EU'*'F)Ru"'kDDp (1i)
dM

+k_3t+ka)Dy (1)

The first equation (eqn {la)) describes the change
in free plasmid DNA concentration. Plasmid DNA is
replicated at rate kp from a plasmid DNA with an
attached RNA IT acting as replication primer (D).
The factor 2 in equation (la) appears because each
round of replication doubles the number of plasmid
DNA molecules in the cell. Formation of I}

(plasmid DNA with a short pre-primer RNA I
attached) oceurs at rate k;; per plasmid and
decreases the concentration of free plasmid D.
Dissociation of RNAII from Dj;, at rate k_, per
molecule, regenerates a free plasmid. Plasmids with
a stable RNA T-RNA II complex attached {D.} lose
the RNAI-RNAII complex at rate &_, per
complex and return to the free plasmid state D.
The other equations are similarly interpreted. The
term proportional to u appearing in all equations
accounts for the decrease in concentration of cellu-
lar components due to the increase of cytoplasmic
volume in cells growing exponentially with rate
constant u (¢ = (In 2)/doubling time). To see this,
let N{f) be the number of molecules of some intra-
cellular component and let V(¢) be the total cyto-
plasmic volume of the cell culture, both at time ¢.

Table 1
Parameters used in the numerical integration of equations (la) to {1j)

Estimate (min~!)®

Rate constant Reaction Wild-type incline2 Source

k. D, formation 150108 -1 125%x 108 m-? b

k., D} break-up 48 64 b

k. D. formation from D} 44 11 b

ko, D break-up 085 017 b

k., Dy formation 170x 108 m~! 315x107 Mt b

k4 Dy break-up 017 017 b

k. D, formation from Dy, 34 34 b

k, Synthesis of RNA 1 6 6 ¢

kyy Synthesis of RNA 11 025 025 ¢

kg Synthesis of Rom protein 4 4 ¢

ky Elongation of susceptible RNA 11 transcripts 12 12 d

ko, Release of RNA II transcripts 43 43 e

k, Primer formation 43 43 e

ky Plasmid replication 5 5 f

k. Release of stable complex 17 17 g

£ RNA I degradation 0-35 035 Half-tife of 2 min®
£ RNA TI degradation 0-35 0-35 Haif-life of 2 min®
Epy Rom protein turnover 014 0-14 Half-life of 5 min
# Cell growth 0-0087 0-0087 Doubling time of 80 min

* The parameters were taken from the literature or estimated as indicated in the last column.

b Parameters k. k_, &y, k_5, k3, k_3. and &, were previously estimated from in vitro experiments at 25°C (Tomizawa & Som, 1984;
Parelson & Brendel, 1989). The in vitro estimates were multiplied by a factor of 1-7 to account for the increased reaction rate at 37°C
(Brenner & Tomizawa, 1991). The parameter estimates by Perelson & Brendel were made assuming that the unstable RNA I-RNATI
eomplex was in quasi-steady-state. Although one of the sufficient conditions given in Perelson & Brendel for the existence of a quasi-
steady-state, ky R; « k_, +k,, is violated at the high RNA I concentration found in wive, Segel & Perelson (1992) derived a less
restrictive sufficient condition that is satisfied for the parameter values given in the Table.

“ The synthesis rates &y, ky;, and k), were obtained from a search of the parameter space, with all other reaction rates kept fixed at the
values indicated in the Table. The search was conducted for parameter combinations for which equations (1a) to (1) give steady-state
vidues in the range of the experimentaily determined concentrations (per average cell volume: 10 to 30 plasmid copies; 200 to 600
RNA 1 molecules; 1 to 5§ RNA II molecules; 200 to 2000 Rom protein monomers; Brenner & Tomizawa, 1991). The values given in the
Table are representative. For k; values somewhat smaller or larger (3 to 75 min ™"}, a corresponding &, could be obtained by preserving
the ratio k,{k;; of about 20 to 30.

4 RNA 1I transeripts are susceptible to inhibition of primer formation by RNA I while their length is between 110 and 360 nucleotides
{Tomizawa, 1986}, For an RNA polymerase transcription rate of about 50 residues/s (von Hippel e al., 1984), & transcript should be
reactive for an average lifetime of 5 5. We thus assume it disappears with rate constant &, = 1/5s77.

® The average length of RNA IT is 600 to 800 bases {Tomizawa ef al., 1981), and thus the average lifetime of D, 1/(k_;+¥%,), is about
7 3. About half of the transcripts hecome primers and the other half are elongated and released {Itoh & Tomizawa, 1980; Tomizawa &
Itoh, 1981; Masukata & Tomizawa, 1984, 1986). Thus we take &, = k_, = 43 min~".

 The rate of plasmid replication (&) is obtained as the ratio of the elongation rate of DNA polymerase {about 500 bases/s) (Alberts e
al., 1983, p. 221} and the length of the plasmid (about 6000 base-pairs), giving &p = 5 min~'.

* The rate constant k_, for release of stable complex from DNA is not known. Because the formation of a stable RNA I-RNAII
complex prevents the RNA IT from acting as a primer. we assume it destabilizes the interactions of RNA IT with the plasmid DNA, and
leads to its release. We therefore have chosen k__ to be large. The exact value within 2 orders of magnitude is immaterial to the behavior
of the model.

" According to Ataai & Shuler (1986) and Brenner & Tomizaws (1991).
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Then the concentration Cf{t) = N(t)/Vit) changes
according to:

dC_1dN _ 14V

(2)

The first term corresponds to changes in concentra-
tion due to molecular reactions while the second
term corresponds to concentration decrease due to
dilution. For exponential volume increase V(t) =
Vo exp(ut), and the dilution term is simply —uc.
Although the set of equations (la) to (1j)
describes a complex reaction scheme, it must still be
congidered only an approximation to the intra-
cellular biochemistry. Additional unstable inter-
mediates exist in the various reactions among
RNAT, RNAIL, and Rom protein (Tomizawa,
1990a2,b). As our previous model (Perelson &
Brendel, 1989) adequately summarizes the in witro
kinetics of RNA T binding to RNAII in the pre-
sence and absence of Rom protein without taking
account, of these other intermediates, we have not
included them in the above in vivo model either. We
have modeled RNAT as a single species, ignoring
the fact that during its degradation shorter forms of
the molecule are produced, which may have residual
RNAII  binding activity (Tomizawa, 1984;
Tomesdnyl & Apirion, 1985; Tamm & Polisky,
1985). These shorter forms appear to be rapidly
degraded (Lin-Chao & Cohen, 1991), so that it is
unlikely that they would build up to concentrations
that would interfere with functional RNA L.
Equations (la) to (1j), due to the several non-
linear terms, are too complicated to allow an analy-
tical solution, even for the algebraic problem of
finding steady-state solutions. We have therefore
computed solutions numerically using standard
methods. Initial parameter estimates were obtained
as explained in the footnotes to Table 1. Given these
parameter estimates and insights obtained from our
numerical analysis, we derive in the Appendix a
simple formula (eqn {3} below) for the steady-state
plasmid concentration. Using this formula, we
discuss the dependence of the plasmid copy number
on parameters and contrast our results with a
formula derived by Brenner & Tomizawa {1991).

3. Model Predictions

Numerical integration shows that there is a single
positive steady-state solution to equations (la) to
(1j}. Thus in an exponentially growing cell culture,
in the absence of selection, the average plasmid
concentration should be constant. The steady-state
values for plasmid, RNA T and 11, and Rom protein
corresponding to our default parameter estimates
{Table 1} are shown in Table 2; the other variables
attain comparatively negligible values. We consider
both wild-type and a mutant plasmid, incline2. The
inclinc2 mutant incorporates two C-G pair to AT
pair replacements in the loop regions of RNAT and
RNATII, resuiting in weaker hydrogen bonding at
the initial stage of complex formation. This entails a
lower estimate for k&, (Table 1) with corresponding
higher steady-state plasmid copy number (formula
(3) below). Brenner & Tomizawa (1991) measured
RNAT concentrations of about 1 um, RNA IT con-
centrations of about 7 nm, and Rom protein concen-
trations in the range 1 um to 5 um for wild-type
plasmid. Qur estimates for the synthesis rate
constants, &, &, and ky were adjusted to give
steady-state values in the observed concentration
range, as well as wild-type copy number around 10
to 30 plasmids per average cvtoplasmic cell volume
{calculated from Brenner & Tomizawa’s data to be
about 6-25 x 10~ '€ liter). Plasmid copy number was
not directly measured by Brenner & Tomizawa. The
values given in Table 2 are predicted for the specific
growth conditions in their experiments, corre-
sponding to a generation time of 80 minutes. For a
generation time of 30 minutes (u = 0023 min!),
our model gives a steady-state value of 11 plasmids
per cytoplasmic volume as above. As faster-growing
cells are larger by a factor of 1'5 to 2 (Pierucci, 1978;
Kubitschek, 1990), we would predict values of 15 to
20 plasmids per cell under such growth conditions.
Rom protein in the model enhances inhibition of
replication by a factor of 19 (wild-type) to 43
(incline2), magnitudes that are consistent with
experimentally determined values (Tomizawa &
Som, 1984),

Plasmid concentration is dependent upon both
the growth phase and the growth rate of the host

Table 2
Model predictions from numerical integration of equations (la} to (1) with
parameters as listed in Table 1. Initial conditions in the numerical integrations
were set as follows: D(0) = 40x 10" %xu; Ry(0) = 10-%u; M(0) = 10~ %x all
other variables 0

Wild-type incline?
rom™ rom™ rom™ rom™
Plasmid copy number* 28 52 47 204
RNAL (M) 12x10-% 22%10°° 2:4x 108 84x10-°
RNA 11 ) 55 10-* 10 x 108 941077 $8x 1078
Rom protein {u) 203 10-% 0 33x10-8 o

* Plasmid copy number is given per average cytoplasmic

volume of a cell, taken to be

625 x 10~ 1% liter (¢alculated from Brenner & Tomizawa, 1991},
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bacteria (Seo & Bailey, 1985; Lin-Chao & Bremer,
1986; Fitzwater et al., 1988). For example, Seo &
Bailey (1985) find that plasmid concentration
increases when the specific growth rate is reduced
by changing the medium composition. A simple
explanation for this phenomenon is indicated by the
influence of changes in the growth parameter u on
plasmid coneentration. Our model predicts a linear
increase of steady-state plasmid concentration as a
fuaction of the doubling time over a wide range of
parameter values. This prediction can be under-
stood from equations (la) to (1j) in the following
way. Let Dp = D4+ D} 4+ Dy +D,+D¥+D.+ Dy, be
the total plasmid concentration. In the Appendix
we show that the steady-state plasmid concentra-
tion D yobeys the equation:

_ ke
Dy~ —FH0 (3)
k(L —plu
(i)
where:
k.P
P

is the fraction of long RNAII transecripts (not
complexed with RNA T) that become primer and:

=14+ k;‘
P T ks M

gives the dependence of the plasmid copy number
on the Rom protein concentration M. In deriving
ecuation (3), we have assumed k; > pk;; and ply; > p.
For our parameter estimates (Table 1), p = 05,
p = 11 {wild-type), p = 1'6 (inclinc2), &; = 6, and
k;y = 0-25. Thus, for a generation time of 30 minutes
or longer {corresponding to p <0023} the two
assumptions are satisfied and D 1is seen to increase
linearly with 1{u as predicted by our numerical
solutions.

A linear dependence of plasmid concentration
with respect to generation time is consistent with
measurements by Lin-Chao & Bremer (1986) of
plasmid pBR322 concentration as a function of host
growth rate, where plasmid concentration was
measured as plasmid per absorbance unit; see also
Keasling & Palsson (1989a). The increase in plasmid
ccneentration in cells with a longer doubling time is
a consequence of the slowing down of cell growth
dependent. dilution, which leads to higher intra-
cellular plasmid concentration. Even though the
ccneentrations of both RNA T and Rom protein also
increase, their build up is not sufficient to prevent
the accumulation of replication primed plasmid
DNA, D, In fact, the model predicts that for u = 0,
i.e. no cell growth, runaway replication occurs. In
vive, high plasmid concentration will affect the
availability of polymerase and other resources (not
taken into account in our model) and prevent
unbounded plasmid replication. Stopping cell
growth by the addition of chloramphenicol results
in an about 125-fold amplification of ColE1 plasmid
copy number (Clewell, 1972).

s

Plasmid Concentration [10° M]

[\v
|
l

0 200 400 600 800
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Figure 2. Dependence of plasmid concentration on the
growth rate u. The graph mimics a nutritional shift
experiment in which growth conditions are changed at
300 min (from a generation time of 80 min (¢ = 0-0087) to
a generation time of 30 min (u = (-023)) and at 600 min
(back to the initial conditions). The graph was obtained
by numerical integration of equations (la—j), with the
initial plasmid concentration set arbitrarily close to the
steady state concentration.

Figure 2 shows the prediction for a typical nutri-
tional upshift experiment, simulated as a switch
from a generation time of 80 minutes (u = 0-0087) to
a generation time of 30 minutes (u = 0-023) and
back. Note that D ;is given in units of molarity
rather than copy number per average cell, because
the average cell volume changes with the growth
rate, and we only have available the Brenner &
Tomizawa (1991) measurement of cell volume at the
longer generation time. The predicted results for the
upshift experiment are qualitatively similar to those
found by Bremer & Lin-Chao (1986). However,
Bremer & Lin-Chao (1986) found that there was a
lag after the nutritional shift before molecular
production proceeded at the new rate. This delay is
not reproduced with our model because we have
assumed the synthesis rate constants k;, k;, ete. to
be independent of the growth rate g, while in reality
these parameters appear to be dependent on the
growth rate (Lin-Chao & Bremer, 1986). Our
agsumption is a practical simplification, and one
that can be lifted if enough data bhecome available.
However, this practical simplification may not be a
great limitation. Bremer & Lin-Chao (1986) noted
that whatever the parameter dependences on
growth rate they seem to compensate one another
such that the prediction of plasmid concentrations
based on constant parameters remains reliable. This
fact may derive from the dependence of the steady-
state plasmid concentration on the RNA synthesis
rates via the ratio k;jk;; (see eqn (3) and Fig. 5(a),
discussed in the next section), which would remain
constant if k; and k;; depended on p in the same
way. In experiments by Gustafsson & Nordstrom
(1980), the rate of plasmid R1 replication was
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Figure 3. Dependence of the steady-state wild-type
plasmid copy number on the synthesis rate k; of RNA L.
If no or little functional RNAT is synthesized (k; <
05 min~') the model predicts runaway replication of
plasmid. At higher synthesis rates of RNA T plasmid copy
number is maintained at a stable steady-state. Our
default value (Table 1) is &, = 6 min~! (indicated by @),
with predicted copy number 28 plasmids per average cell
volume.

shown to adjust immediately under experimental
conditions that shift the growth rate without
changing the composition of the cells (i.e. without
changing the metabolic rates).

4. Mechanism of Replication Inhibition

To study the nature of the inhibitory mechanism,
we have simulated various mutations affecting any
single parameter of the model. As RNA T plays the
role of a replication inhibitor, we were particularly
interested in parameters controlling the in wivo
RNAT concentration. Figure 3 shows the influence
of the RNA I synthesis rate constant k; on steady-
state copy number of wild-type plasmid. If little or
no RNAT is synthesized, k; < 1-25 min~!, the copy
number increases to very high levels. Eventually, as
k; becomes as low as pk;;y {=028 for wild-type
parameters), copy number control is lost and the
model predicts runaway replication (eqn (3)). At
higher RNA I synthesis rates plasmid copy number
is maintained at a stable steady-state level.

Copy number is similarly sensitive to the RNA T
decay rate constant (g;), increasing linearly with
this parameter (Fig. 4(a), eqn (3)}). In Figure 4{(b) we
have plotted the steady-state number of RNAI
molecules per plasmid versus . For g; = (-85 min~!
{as given in Table 1) this ratio is about 16, and in
general, as shown in the Appendix, the ratio is
approximately k;/e;. Fitzwater ef al. (1988} calculate
the ratio to be about 10 to 20 for the ColE1-derived
mutant plasmids pMM7 and pNOP42 in exponen-
tially growing cells (the quoted ratio obtains after

80 = v .
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20 ! -
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Figure 4. (2) Dependence of the steady-state wild-type
plasmid copy number on the decay rate g of RNAL
(b} Steady-state number of RNA I molecules per plasmid
as a function of the RNA I decay rate. Our default value
(Table 1) is & = 035min~! ({indicated by @), with
predicted copy number 28 plasmids per average cell
volume and RNA I/plasmid ratio 16.

subtraction of inactive RNA I_; from the measured
RNAT fraction). Lin-Chao & Bremer (1987) esti-
mate ¢ as 1-25 min~", giving a ratio of 4-5 according
to our model (Fig. 6(b)) compared to their observed
values between 140 and 1-35, depending on the
growth medium.

Plasmid copy number is also sensitive to the
parameters determining primer formation and
processing (ky, &, k_;, k,). Figure 5 shows the
dependence on the rate of transcription. If the
RNAT and RNA II promoters are coregulated (as
we would expect if both promoters were under
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Figure 5. (a) Copy number as a function of the overall
transcription rate. Numbers are plotted wversus the
RINA TI synthesis rate (k;;) with the ratio of the RNA I to
RNATI synthesis rates held constant at the indicated
values. (b) Copy number as a function of the RNA TI
synthesis rate, unlike panel (a), here for each graph the
RNAT synthesis rate is kept constant at the indicated
value. Our default values (Table 1) are k; = 6 min and
kyy = 025 min~! (indicated by @), with a predicted copy
number of 28 plasmids per average cell volume.

general metabolic control) then the ratio of tran-
sciiption rates, k,/t;;, should remain constant.
Figure 5(a) shows the dependence of the copy
number on k;;, with the ratio k,/k;; held at various
constant values. For high values of the overall tran-
scription rate, the copy number reaches an asymp-
tote that depends only on the k,/k,;; ratio but not on
the magnitude of the overall transcription rate. This
is as predicted from equation (3), which is valid for
kyy » ufp. For the parameters of Table 1, u/p =

50 —— —

40 1

30 1

20

Plasmid Copy Number

10

0 L ' I L
Q0 20 40 60 80

1/&, [10™"° M min}; k., [min’]
1 1

Figure 6. Dependence of the steady-state wild-type
plasmid copy number on the rates of unstable RNA I-
RNAII complex formation (k,), indicated by the dark
line, and dissociation {k_,), indicated by the light line.
Our default wvalues (Table 1) are &, =1460x
108 M~ ' min~! and &_, =48 min~' (indicated by @),
with a predicted copy number of 28 plasmids per average
cell volume.

100

0-017, and thus the asymptotic value for a given
kyfl;; ratio is virtually attained for k;; =01 in
agreement with the plots in Figure 5(a). Figure 5(b)
shows the effect of specific regulation of only the
RNAI1 promoter. Plasmid copy number is seen to
increase linearly with the RNAII synthesis rate
constant (see eqn (3) for k;» pk,). The effects
displayed in Figure 5(a) have been confirmed
qualitatively under conditions that reduce the k,jk;,
ratio (Polaczek & Cieéla, 1984) and with plasmid
constructs in which the primer promoter was
replaced by a stronger promoter (Panayotatos,
1984); however, quantitative verification is
outstanding.

Mutations that completely debilitate or prevent
synthesis of Rom protein result in threefold {(wild-
type) to 6-7-fold (incline?) inerease in copy number
(Tomizawa & Som, 1984), The factor p in equation
{3) predicts a similar increase, since p = 1-1 at the
calculated in wvive concentration of Rom protein
(Table 2) and p=21 for the rom~ wild-type
mutant, whereas p changes from 1-6 to 68 for the
inelineZ mutant when Rom protein is absent.
Changes in the kinetic parameters characterizing
Rom protein action lead to smaller changes in copy
number. For example, we have assumed that Rom
protein has & half-life of five minutes (g, =
0-14 min~'; Table 1). Reducing the half-life to one
minute (6 = 0-28 min~!), which decreases the Rom
protein concentration by a factor of 2, only
increases the average copy number from 28 to 30
plasmids per cell. Changing &), the Rom protein

synthesis rate constant, from its value of 4 min~' in
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Table 1 over the range 0-1 min~! to 10 min~! yields
average copy numbers of 46 to 26. There is a similar
insensitivity to changes in the kinetic parameters
ks, k_3, and k4, which determine the interaction of
Rom protein with the unstable RNA I-RNA I
complex.

Figure 6 shows the variation in copy number with
changes in the values of %, and k_,, the rate
constants for formation and dissociation of the
unstable RNAT-RNATI complex. Whereas
changes in k, have dramatic consequences, changes
in k_, over several orders of magnitude have much
less influence on copy number. The critical depen-
dence on k, is in agreement with equation (3), which
shows that the steady-state plasmid concentration
is proportional to 1/k;. This is the dependence
shown in Figure 6. The other rate constants
describing the interactions among RNA I, RNA 11,
and Rom protein (k_,, k,, k_,, k5, k_5; and &)
affect the plasmid coneentration indirectly through
the value of R;. This is not to say that they have no
effect. In fact, we have previously shown (Perelson
& Brendel, 1989) that the maximum enhancement
in the rate of RNA I-RNA II binding due to Rom
protein is given by 1+4&_,/k,, a factor that also
approximates the increase in copy number in rom”
mutants (see below).

5. Discussion

ColEl is a multicopy plasmid that is stably main-
tained in bacterial cells even in the absence of
selection. The proposed mechanism of ColEl copy
number control relies upon inhibition of replication
initiation through plasmid-encoded RNA I, which is
complementary to the 5-end of RNAII, a tran-
seript that serves as a primer for DNA synthesis.
Complex formation between the two complemen-
tary RNAs interferes with the capability of RNA II
to serve as primer and thus inhibits initiation of
plasmid DNA replication.

The critical reaction in this inhibition mechanism
appears to be the formation of a transient complex
of RNAT with RNAII. This unstable complex,
formed by weak interactions between complemen-
tary loops in the secondary structures of the two
RNAs, precedes stable complex formation due to
hydridization. Rom, a plasmid-specified protein,
enhances the rate of stable complex formation
by interacting with the unstable complex and
facilitating its conversion into stable complex
(Tomizawa, 1990b; Eguchi & Tomizawa, 18490). The
binding reaction, in the presence and absence of
Rom protein, has been studied extensively in vitro
(Tomizawa, 1984, 1985, Tomizawa & Som, 1984,
Dooley & Polisky, 1987). We previously presented a
kinetic model of the reaction that accounts for the
observed data and allows the estimation of the
reaction parameters (Pereison & DBrendel, 1989).
Here we have shown that the RNA I-RNA II-Rom
protein reaction model extends to a functional copy
number control mechanism under putative in vivo
conditions.

As the replication inhibitor, RNA T, is plasmid-
encoded and constitutively expressed, the basic
principle of the inhibition mechanism relies on the
esgentially second-order reaction between the
inhibitor and its target. If the plasmid copy number
in a particular cell is high, the inhibitor concentra-
tion will adjust at a correspondingly high level,
resulting in a high probability of the inhibitory
reaction. On the other hand, a low plasmid copy
number induces a low inhibitor concentration, with
associated low probability of inhibition. In either
case, the adjustment iz in the direction of the
normal, steady-state plasmid copy number. Our
numerical solutions to equations (1a) to (1j} confirm
such behavior for the ColEl system. Thus ColEl
replication control involves a negative-feedback
loop and is in general agreement with the theoreti-
cally proposed inhibitor dilution model {Pritchard et
al., 1969; Pritchard, 1984).

While a number of models for ColE1 plasmid eopy
number control have been proposed that incor-
porate RNAT as a replication inhibitor (Bremer &
Lin-Chao, 1986; Ataai & Shuler, 1986; Keasling &
Palsson, 1989a.6; Bremer & Tomizawa, 1991}, none
of these previous models is comprehensive in the
sense of including all of the pertinent RNA T-
RNA TT-Rom protein interactions, considering
synthesis and degradation of components as well as
dilution effects due to cell growth, and using
independently obtained estimates of kinetic para-
meters. Here we have developed such a compre-
hengive model and have used the model to make a
number of testable predictions. Parameters were
fitted to match plasmid copy number and intra-
cellular coneentrations of RNA I, RNA IT and Rom
protein with the values measured by Brenner &
Tomizawa {1991} for wild-type plasmid. The vali-
dity of the model and the parameter estimates could
be tested by measurements for the inclinc2 or other
mutants. It is interesting that our model predicts
that plasmid, RNA I, RNA II, and Rom protein all
have higher intracellular concentrations for the
tncline? mutant than wild-type (Table 2). The
mode] also serves to predict parameter sensitivity
and the effects of mutations in any of the steps
involved in the copy number control mechanism.
Some of the predictions of our model are novel and
differ from those made by Brenner & Tomizawa
(1991) on the basis of steady-state calculations.

Our model predicts that the steady-state plasmid
concentration increases linearly with the cell doub-
ling time (which is the inverse of the growth or
dilution rate). Furthermore, if cell growth is halted
{as is customary in plasmid amplification by chlor-
amphenicol treatment), the model (with &, = 0 and
p# = 0) predicts runaway replication until other host
factors limit plasmid duplication. Nutritional up-
and downshift experiments may thus be an easy
way to check the quantitative validity of the model:
transfer from minimal to rich medium will decrease
the cell doubling time and result in a decreased
plasmid concentration, whereas transfer from rich
to minimal medium will prolong the cell doubling
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time and result in an increased plasmid concentra-
tion. Some observations in the lhiterature seem to
support these predictions (Seo & Bailey, 1985;
Lin-Chao & Bremer, 1986; Bremer & Lin-Chao,
1986; Fitzwater ef al.,, 1988), but more precise
measurements at different growth rates comparable
to the Brenner & Tomizawa (1991) data would be
helpful.

The critical parameter in RNA 1-mediated inhibi-
tion of replication from our analysis appears to be
Iy, the rate constant for unstable complex forma-
tion of RNA I with RNA 1I (see Fig. 6). This result
is consistent with the effect of mutations in the
loops of the RNAs, which are predicted to destabil-
ize the loop-loop interactions and show increased
copy numbers (as in the case of incline2, Table 2;
Tomizawa, 1985).

Rom protein, which enhances stable RNA I-
RNATI complex formation, leads to a decrease in
copy number both in wivo and in our model.
Simulating rom~ mutations by eliminating Rom
protein from our model leads to a twofold {wild-
rype) or more than fourfold (incline2) increase in
olasmid copy number (Table 2). The magnitude of
<he copy number increase corresponds to the magni-
-ude of the enhancement in the rate of stable
RNAT-RNAIT complex formation in witro
‘Tomizawa & Som, 1984), further reinforcing the
wtion that stable RNA [-RNA II complex forma-
zion is the essential factor in copy number control.
Although there are quantitative differences in copy
number in the absence of Rom protein, we do not
find any qualitative differences in the copy number
zontrol mechanism. It remains unclear whether
there might be any evolutionary advantage to the
restriction of copy number »ie Rom protein (as
spposed to restriction of copy number vie a higher
RNA 1 synthesis rate, for example). A possibility is
that Rom protein may have another funetion not
included in our present model. Conceivably Rom
protein may bind to singular RNA T molecules and
protect them from excessive degradation in certain
host environments. This would be g vital function,
since excessive degradation of RNA T leads to loss of
plasmid copy number control (see Fig. 4(a)).

While excessive degradation of RNAT might
cause runaway plasmid replication, an overly stable
RNA T molecule (¢; small; see Fig, 4(a)) would cause
the accumulation of replication inhibitor and would
restrict plasmid replication beyond the level
required for stable plasmid maintenance. Thus, the
proper stability of the inhibitor is a vital ingredient
of the replication control mechanism (as already
proposed by Pritchard et al., 1969). ColEl RNA 1
degradation in wivo occurs largely wic an RNase
E-mediated pathway at a rate that is indepondent
of the rate of cell growth; mutations affecting this
pathway alter the specific plasmid copy number
(Lin-Chao & Cohen, 1991).

The inhibitor RNA T interacts stoichiometrically
with RNA II. Thus, one might expect the RNA I
and RNAIT promoters to be coregulated in vivo.
We show (see Fig. 5{a)) that if this is the case, then

for high values of the transcription rate, copy
number will depend only on the ratio k;/k;; of the
RNA T to RNA IT transcription rates but not on the
individual values of k; and k;;. However, at low
transcription rates, copy number falls due to insuffi-
cient primer synthesis. Mimicking experiments in
which the RN A H promoter is replaced by an indue-
ible promoter so that k;; can be controlled indepen-
dently of &, (Panayotatos, 1984; Polaczek & Cieéla,
1984), we find that copy number can be varied over
two orders of magnitude (see Fig. 5(b}).

In the Appendix we derive equation (3) for the
steady-state plasmid concentration. Inserting our
estimates p = (+5 for the fraction of uncomplexed
RNA I1 that become primer and k, = 12 for the rate
of elongation of RNA IT molecules that are suscept-
ible to inhibition of primer formation by RNA T, we
obtain:

Dy~6 2P (4)
ok
1(k“ )H
k_,

For a rom™ mutant:

(M =0, p= =1+ k-l),
ks

D ris increased by a factor of:

P max k! kl’
- - P 7.~ Fmax
p (kn )/ (ku P )

compared to the steady-state plasmid concentration
in the presence of Rom protein. As p =1 at very
high Rom protein concentrations, the maximal
increase in plasmid concentration due to a rom™?
mutation is seen to be:

k k k k
T4+ 222} =L =1 i SR L I
(R

Here the first factor:

corresponds exactly to the relative enhancement of
complex formation in the presence of Rom protein
for the in witro reaction of RNAT and RNATI
(Perelson & Brendel, 1989). Thus the in vivo effect of
Rom protein to decrease copy number is somewhat
larger than its in vitro effect of enhancing complex
formation, a correlation that was experimentally
established by Tomizawa & Som (1984}. Tt is note-
worthy that for our parameter estimates, p =11
(wild-type) or p = 1-6 (incline2), p values are larger
than the minimum value 1. This suggests that in
vivo Rom protein occurs at concentrations not quite
large enough to exert its maximal effect on copy
number restriction. Experiments in which Rom pro-
tein is supplied in frans from an inducible promoter
might clarify these quantitative predictions.
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Brenner & Tomizawa (1991} derive an equation
similar to (4) based on a number of greatly simpli-
fying steady-state assumptions. In our notation and
units their equation reads:

kI!
klk I

Here the value 12 replaces 6 in equation (4), because
Brenner & Tomizawa ignore the fraction of uncom-
plexed RNA IT transcripts failing to hybridize to
the region around the origin of replication, effec-
tively setting p=1. In the parameter range
krlky > p, p = 1, equation (4) reduces to:

D

& ku
kyky p

Aside from the different assignments for p, our
model agrees with Brenner & Tomizawa’s formula
in predicting a linear dependence of plasmid copy
numhber on g (see also Fig. 4(a)), 1/k; (Fig. 5{b)),
and 1/k; (Fig. (3)). However, the Brenner &
Tomizawa formula and equation (5) differ signifi-
cantly in their dependence on k;/u, since equation
{5) also indicates a linear dependence on &;; (Fig. 8)
and 1/u, and net a logarithmic dependence. Thus,
whereas Brenner & Tomizawa argue that copy
number is relatively insensitive to the RNATI
synthesis rate, we predict a strong sensitivity in the
case that the RNATI promoter is regulated
independently of the RNA1 promoter. For
example, according to equation (5) a threefold
increase in copy number is caused by a threefold
increase in the synthesis rate constant kj;, whereas
the Brenner & Tomizawa formula requires a
{ky/u)*fold increase in k; to produce the same
effect on copy number. For our parameter estimates
(Table 1), (ky/u)? = 826. So, the difference in
prediction is dramatic. It should be noted that the
magnitude of the difference depends upon the exact
value of %&;;. Brenner & Tomizawa {1991) estimate
k;; analogously to k, as &,(R, /D). which gives
smaller values than our estimate. However, their
argument does not take into account the different
pathways of RNAIT turnover wia complex with
RNA T, primer, or nascent transcript, and involves
a concomitant estimate for the k;/k;; ratio as
R;/R,; ~ 400/3, & ratio that seems to be excessively
high in view of other authors’ estimates in the range
of 3 to 6:5 (Lin-Chao & Bremer, 1986, 1987; Ataai &
Shuler, 1986). Further quantitative experiments are
necessary to settle these differences.

D,~6

(5)

Appendix

We derive here eguation (3) in the text.
Steady-state concentrations will be denoted by
overbars. From equation (1d) of the text:

3?‘

_ L,
D, = kD'Hl

D, =2 D},

by (Al)

{since kp, > u, see Table 1). Similariy, from equation
(le):
k,

Du= =g Din (A2)
from equation (lb):

35 klfﬁ+k~1ﬁc*

D[l - k]+k1 R' H (AB}

and from equation (le), using the result from our

numerical  analysis  that & ,D.+k_ 3Dy
ky B, D3y
ky B, D}
* I*Ir A4
Dt =~ kT (Ad)

By adding equations (la} through {1g) of the text
one finds:

Dy

dt kDD “‘DT:

(A5)

where Dy is the total plasmid concentration.
Therefore, at steady-state:

— kn =
D, ==2D, (A6)
m
and after inserting successively the above
expressions for D, and Djy:
— k
Dy ="t D (AT)

Here p = k,/(k_;+ k,} is the fraction of long RNA II
transcripts (not complexed with RNAT) that
become primer. By equation (1h):

krﬁ+kk1ﬁc*~ ky

Ry=a =1~ T ] AS
By kyDiy+e+u by Diy+e (A8)

using the result from our numerical analysis that
kyDwk_, DX

Alzo from our numerical analysis we know thai
almost all plasmid DNA is in free form, D.
Therefore we may replace D by Dy in equations
(A3) and (A8). Tnsertion of equations (A4} and (A7)
into equation (A3) then gives an equation for K,
with solution:

g = ki (Phu
RI —k_l( U 1 £
where  p=1+4k_ [(ky+ky ). Insertion  of

equations (A7) and {A9) into equation {AB) gives an
equation for D; with solutlon

Pku
-1
Diy=—F5——.
i
ki—(kpy—=p
, ( D
Tn a parameter range for which pk;; » g the above

expressions simplify to:

R kypleyp
kiu

(A9)

(A10)

(A11)
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and:

(A12)

In the presence of excess Rom protein (M large,
p=1)

Dy~ fc"“‘a’ (A13)
()
klI
and:
By ki—ku K {Al4)

The agreement of equations (All} and (A12} with
our simulation results is close. Thus, for the wild-
type parameters (see Table 1) equation (All)
predicts R; = 1'3x 107® m compared to the simula-
tion result 1'2x 10~% M (see Table 2), and a steady-
state copy number of 30 compared to 28 by
simulation. The error is larger for the high-copy
number mutant inclinc2-rom™ (eqn (Al2) gives a
steady-state copy number of 287, compared to the
value 204 in Table 2). In this case, the assumptions
kyD» k_,D¥ and D= Dy of our derivation are
not as good.

This work was performed in part under the auspices of
the U.8. Department of Energy and was supported in
part by National Institutes of Health grant GM38907
(V.B.) and the Los Alamos LDRD Program (A.P.). We
thank Drs P. Bucher, A. M. Campbell, 8. N. Cohen,
5. Merlin, R. Sapolsky and .J. Tomizawa for helpful
discussions; Drs L. Segel, K. Sirotkin and E. Fairfield for
comments on earlier versions of the manuscript; and both
Los Alamos National Laboratory and the Santa Fe
Institute for hosting visits by V.B.

References

Alberts, B., Bray, D)., Lewis, J., Raff, M., Roberts, K. &
Watson, J. D. (1983). Molecular Biology of the Cell,
Garland Publishing, New York.

Ataai, M. M. & Shuler, M. L. (1986}. Mathematical model
for the control of ColEl type plasmid replication.
Plasmid, 16, 204-212,

Ataai, M. M. & Shuler, M. L. (1987). A mathematical
model for prediction of plasmid copy number and
genetic stability in  Escherichia coli. Biotechnol.
Biveng. 30, 389-397.

Bremer, H. & Lin-Chao, 8. (1986). Analysis of the physio-
logical control of replication of ColK1-type plasmids.
J. Theoret. Biol. 123, 453-470.

Brenner, M. & Tomizawa, J. (1991). Quantitation of
ColEl-encoded replication elements. Proc. Naf. Acad.
Sei., U.8.4. 88, 405409

Cesareni, G. & Banner, D. W. (1985). Regulation of
plasmid copy number by complementary RNAs.
Trends Biockem. Sci. 10, 303-306.

Cesareni, G., Muessing, M. A. & Polisky, B. (1982).
Control of ColE]l DNA replication: the rop gene
product negatively affects transcription from the
replication primer promoter, Proc. Nat. Acad. Sci.,
U.8.4. 79, 6313-6317.

Clewell, . B. {1972). Nature of ColEl plasmid replication

in Escherichia coli in the presence of chloramphenicol.
J. Bacteriol. 110, 667-676.

Dooley, T. P. & Polisky, B. (1987). Suppression of ColE1l
RNA-RNA mismatch mutations in vive by the
ColEl Rop protein. Plasmid, 18, 24-34.

Eguchi, Y. & Tomizawa, J. (1990). Complex formed by
complementary RNA stem-loops and its stabilization
by a protein: function of ColE1 Rom protein. Cell, 60,
199-209.

Fitzwater, T., Zhang, X.-Y., Elble, R. & Polisky, B.
{1988). Conditional high copy number ColEl
mutants; resistance to RNA 1 inhibition in vive and
in vitro. EMBO J. 7, 3289-3297.

Gustafsson, P. & Nordstrém, K. (1980). Control of
plasmid R1 replication: kinetics of replication in
ghifts between different copy number levels.
J. Bacteriol. 141, 106-110.

Ishii, K., Hashimoto-Gotoh, T. & Matsubara, K. {1978).
Random replication and random assortment model
for plasmid incompatibility in bacteria. Plasmad, 1,
435-445.

Itoh, T. & Tomizawa, J. (1980). Formation of an RNA
primer for initiation of replication of ColF1 DNA by
ribonuclease H. Proc. Nai. Acad. Sci., US.A. 77,
2450-2454.

Keasling, J. D. & Palsson, B. O. (1989¢). On the kinetics
of plasmid replication. J. Theoret. Biol. 136, 487492,

Keasling, J. D. & Palsson, B. O. {19896). ColEl plasmid
replication: a simple kinetic description from a struc-
tured meodel. JJ. Theoret. Biol. 141, 447-461.

Kubitschek, H. E. (1990). Cell veclume increase in
Escherichia coli  after shifts to richer media.
J. Bacteriol. 172, 94-101.

Kiies, U. & Stahl, U. {1989). Replication of plasmids in
gram-negative bacteria. Microbiol. Rev. 53, 491-5186.

Lin-Chao, 8. & Bremer, H. {1986). Effect of the bacterial
growth rate on replication control of plasmid
pBR322 in Escherichia coli. Mol. Gen. Genet. 203,
143-149.

Lin-Chao, S. & Bremer, H. (1987). Activities of the RNAI
and RNAII promoters of plasmid pBR322.
J. Bacteriol. 169, 1217-1222.

Lin-Chao, 8. & Cohen, 8. N. (1991). The rate of processing
and degradation of antisense RNA I regulates the
replication of ColEl-type plasmids in vivo. Cell, 65,
1233-1242.

Masukata, H. & Tomizawa, J. {1984). Effects of point
mutations on formation and structure of the RNA
primer for ColEl DNA replication. Cell, 36, 513-522.

Masukata, H, & Tomizawa, J. {1986). Control of primer
formation for ColE1l plasmid replication: conforma-
tional change of the primer transcript. Cell, 44,
125-136.

Noviek, R. P. & Hoppensteadt, F. C. (1978). On plasmid
incompatibility. Plasmid, 1, 421-434.

Panayotatos, N. (1984). DNA replication regulated by the
priming promoter, Nucl, Acids Res. 12, 2641-2648.

Perelson, A. 8. & Brendel, V. (1989). Kinetics of comple-
mentary RNA-RNA interactions involved in plasmid
ColEl copy number control. J. Mol. Biol. 208,
245-255.

Peretti, 8. W. & Bailey, J. E. {1987). Simulations of host-
plasmid interactions in Escherichia coli: copy
number, promoter strength, and ribosome binding
site strength effects on metabolic activity and
plasmid pene expression. Biotechnol. Bioeng. 29,
316-328.

Pierucei, 0. (1978). Dimensions of Escherichia coli at
various growth rates; mode! for envelope growth.
J. Bacteriol. 135, 559-574.



872 V. Brendel and A. S. Perelson

Polaczek, P. & Ciedla, Z. {1984). Effect of altered effi-
ciency of the RNA I and RNA II promoters on the in
vivo replication of ColEl-like plasmids in Escherichia
coli. Mol. Gen. (fenet. 194, 227-231.

Polisky, B. (1988). ColEl replication control circuitry:
sense from antisense. Cell, 55, 929-932.

Pritchard, R. H. (1984). Control of DNA replication in
bacteria. Tn The Microbial Cell Cycle (Nurse, P. &
Streiblova, E., eds), pp. 19-27, CRC Press, Boca
Raton, FA.

Pritchard, R. H., Barth, P. T. & Collins, J. (1969). Control
of DNA synthesis in bacteria. Symp. Soc. Gen.
Microbiol. 19, 263-297.

Segel, L. A. & Perelson, A. 8. (1992). Plasmid copy
number control: a case study of the quasi-steady
state assumption. J. Theoret. Biol. 158, 481-494.

Selzer, G. & Tomizawa, J. (1982). Specific cleavage of the
pl5A primer precursor by ribonuclease H at the
origin of DNA replication. Proc. Natf. Aced. Sei.,
7.85.4. 79, 7082-7086.

Seneta, E. & Tavaré, 8. (1983). Some stochastic models of
plasmid copy number. Theoref. Pop. Biol. 23,
241-256.

Seo, J.-H. & Bailey, J. K. (1985). Effects of recombinant
plasmid content on growth properties and cloned
gene product formation in  Escherichia coli.
Biotechnol. Bioeng. 27, 1668-1674.

Seo, J.-H., Srienc, F. & Bailey, JJ. E. (1985). Flow cyto-
metry  analysis of plasmid amplification in
Escherichia coli. Biotechnol. Progr. 1, 181-188.

Som, T. & Tomizawa, J. (1983). Regulatory regions of
ColEl that are invelved in determination of plasmid
copy number. Proc. Nat. Acad. Sei., U.5.4. B0,
3232-3236.

Tamm, J. & Polisky, B. (1985). Characterization of the
ColE1 primer-RNAl complex: analysis of a domain
of ColEl RNA1 necessary for its interaction with
primer RNA. Proc. Nat. Adead. Sei,, U.5.4. 82,
2257-2261.

Tomesanyi, T. & Apirion, ). (1985). Processing enzyme
ribonuclease E specifically cleaves RNA T, an inhibi-
tor of primer formation in plasmid DNA synthesis.
J. Mol. Biol. 185, 713-720.

Tomizawa, J. (1984). Control of ColEl plasmid replica-
tion: the process of binding of RNAT 1o the primer
transeript. Cell, 38, 861-870.

Tomizawa, J. (1985). Control of ColEl plasmid replica-
tion: initial interaction of RNAT and the primer
transcript is reversible. Cell, 40, 527-535.

Tomizawa, J. (1986). Control of ColEl plasmid replica-
tion: binding of RNAT to RNA TT and inhibition of
primer formation. Cell, 47, 89-97.

Tomizawa, J. {1990a). Control of ColEl plasmid replica-
tion: intermediates in the binding of RNAT and
RNAIL J. Mol Biol. 212, 683-694.

Tomizawa, J. (19906}, Control of ColEl plasmid replica-
tion: interaction of the Rom protein with an unstable
complex formed by RNA T and RNATI. J. Mol. Biol.
212, 895-708.

Toemizawa, J. & Itoh, T. (1981). Plasmid ColE] incompa-
tibility determined by interaction of RNA I with
primer transcript. Proc. Nat. Acad. Sci., U.S.A. 78,
6096-6100.

Tomizawa, J. & Som, T. (1984}, Control of ColE1l plasmid
replication: enhancement of binding of RNAT to
primer transcript by the Rom protein. Cell, 38,
871-878.

Tomizawa, J., Itoh, T., Selzer, G. & Som, T. {(1981).
Inhibition of ColE1 RNA primer formation by a
plasmid-specific small RNA. Proc. Nal. Acaed. Sei.,
U.8.4. 78, 1421-1425.

von Hippel, P. H., Bear, D. G., Morgan, W. D. &
McSwiggen, J. A. (1984). Protein—nucleic acid inter-
actions in transcription: a molecular analysis, Annu.
Rev. Biochem. 53, 339-446.

Edited by N. Sternberg



