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Investigating a long-standing conceptual question in bacterial physiology, we examine
why DnaA, the bacterial master replication initiator protein, exists in both ATP and
ADP forms, despite only the ATP form being essential for initiation. We engineered
the A4 Escherichia coli strain, devoid of all known external elements facilitating
the DnaA-ATP/ADP conversion and found that these cells display nearly wild-type
behaviors under nonoverlapping replication cycles. However, during rapid growth with
overlapping cycles, A4 cells exhibit initiation instability. This aligns with our model
predictions, suggesting that the intrinsic ATPase activity of DnaA alone is sufficient
for robust initiation control in E. coli and the DnaA-ATP/ADP conversion regulatory
elements extend the robustness to multifork replication, indicating an evolutionary
adaptation. Moreover, our experiments revealed constant DnaA concentrations during
steady-state cell elongation in both wild-type and A4 cells. These insights not only
advance our understanding of bacterial cell-cycle regulation and DnaA but also
highlight a fundamental divergence from eukaryotic cell-cycle controls, emphasizing
protein copy-number sensing in bacteria versus programmed protein concentration
oscillations in eukaryotes.

replication initiation | bacterial physiology | DnaA | quantitative biology

Initiation of chromosome replication in bacteria is a highly regulated process, intricately
linked with cellular growth and division. This precision is evident in the remarkably
consistent cell size at initiation observed in Escherichia coli and Bacillus subtilis, with a
coefficient of variation (CV) of no more than 10%—notably lower than other physio-
logical variables with CVs around 20% (1-5). These bacteria maintain a stable initiation
mass (the cell size per origin) across various growth conditions, exemplified by E. coli’s
initiation mass varying by a maximum of 20% over a 10-fold growth rate range (5-8).

The molecular biology of initiation in E. coli has been extensively studied, particularly
focusing on its master regulator, DnaA (9-11). Replication begins at the origin 07iC,
initiated by DnaA binding. DnaA functions as an AAA+ ATPase, existing in either an
active (DnaA-ATP) or inactive (DnaA-ADP) form (12). The 07:C region contains both
high- and low-affinity binding sites for the two forms of DnaA (13). Though the high-
affinity binding sites have similar binding affinities for both DnaA-ATP and DnaA-ADP
(12), only DnaA-ATP can bind the low-binding sites helped by cooperativity (14, 15).
Prior to initiation, the high-affinity DnaA boxes are occupied by either DnaA-ATP or
DnaA-ADP (16, 17) while the nucleoid-associated protein (NAP) Fis is bound to its
recognition sequence (18, 19). Initiation commences with formation of a DnaA-ATP
filament on the low-affinity binding sites in the right half of 07iC, which displaces Fis and
allows another NAP, IHF, to bind its recognition sequence in the left half of 07iC (20).
IHF binding allows for formation of a second DnaA-ATP filament on the low-affinity
binding sites in the left half of o7iC. This generates the tension that opens the duplex at
the adjacent DUE site (21), facilitating replisome assembly (12, 22-24). This mechanism
underscores the necessity of DnaA-ATP for initiation.

Several factors influencing the DnaA-ADP <> DnaA-ATP conversion have been
identified. DARS1 and DARS2 (DnaA rejuvenating sequences 1 and 2) facilitate the
conversion from DnaA-ADP to DnaA-ATP, while RIDA (regulatory inactivation of
DnaA) and DDAH (datA-dependent DnaA-ATP hydrolysis) mechanisms promote the
reverse conversion (25-27). These elements’ perturbations impact initiation precision
and synchrony to varying degrees (28-30).

Despite these discoveries, the role of DnaA-ADP on initiation control has been one
of the least understood. A natural hypothesis is that the DnaA-ADP <> DnaA-ATP
conversion creates periodic oscillations in their concentrations, with replication initiating
when the ratio of [DnaA-ATP]/[DnaA-ADP] peaks (31-33). By contrast, the notion of
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balanced biosynthesis has been one of the foundations of bacterial
physiology since the 1950s, which states that the average synthesis
rate of biomolecules inside the cell is the same as the growth
rate of the cells (34, 35). As a consequence, the concentration
of cell cycle initiators is maintained nearly constant during cell
elongation (1). Therefore, control of the cell cycle based on the
oscillation of an initiator concentration must be reconciled with
the concept of balanced growth in bacteria.

Building upon the initiator titration model (36), we previously
proposed that DnaA-ADP is not required for initiation but helps
stabilize it by preventing reinitiations (33). Here, we show that
DnaA’s intrinsic ATPase activity alone can be sufficient for
precise and robust initiation in E. coli. We created the “A4”
E. coli strain, devoid of all known external DnaA-ADP <«
DnaA-ATP conversion elements. This strain not only survives
but also exhibits near wild-type behavior under nonoverlapping
replication cycles. We also address how the extrinsic DnaA-
ADP <> DnaA-ATP conversion elements can stabilize replication
initiation in overlapping replication cycles, aligning with recent
model predictions by us and others (32, 33). Additionally, our
single-cell level analysis reveals near-balanced DnaA synthesis,
revealing that dnaA promoter’s autorepression or sequestration
only marginally impacts the DnaA concentration during cell
elongation. These findings offer insights into bacterial cell cycle
control, its evolutionary aspects, and fundamental distinctions
from eukaryotic mechanisms.

Results

DnaA-ATP <+ DnaA-ADP Conversion and Construction of the
A2ATP and A2ADP E_ coli Cells. Currently, four extrinsic factors for
the DnaA-ADP <> DnaA-ATP conversion are known (Fig. 14).

For DnaA-ADP — DnaA-ATP, DARS1 and DARS?2 at different
loci on the chromosome have been characterized (26, 37, 38). For
DnaA-ATP — DnaA-ADP, the two extrinsic mechanisms are
RIDA mediated by Hda and the DNA-loaded f-sliding clamps
(25, 39—42), and DDAH mediated at the five DnaA boxes at the
datA locus (27, 29).

To examine the impact of the extrinsic DnaA-ADP — DnaA-
ATP vs. DnaA-ATP — DnaA-ADP regulatory elements on
initiation, we constructed two types of E. coli strains: A2ATP
(ADARS1 and ADARS?2) and A2APP (Ahda + AdatA) strains.
Therefore, in the A2ATY cells, the only source of DnaA-ATP
is the de novo synthesis of DnaA, which becomes DnaA-ATP
due to the high cytoplasmic ATP concentration. By contrast, the
A2APP cells must exclusively rely on the intrinsic AT Pase activity
of DnaA to convert DnaA-ATP to DnaA-ADP. Consequently,
the A2ATP cells should have lower [DnaA-ATP] and DnaA-
ATP/DnaA-ADP ratio than the wild-type cells, whereas the
A22PP cells must exhibit a higher level of DnaA-ATP and the
DnaA-ATP/DnaA-ADP ratio. See the section below, “DnaA-
ATP/DnaA-ADDP ratio and draA promoter activity in wild-type,
A2, and A4 E. coli”

DnaA-ATP — DnaA-ADP and DnaA-ADP — DnaA-ATP Have Op-
posing Effects on Initiation. One of the main goals of the present
study is to differentiate the impact of initiation mutants on
initiation and the role of DnaA-ATP <> DnaA-ADP conversion.
For example, wild-type cells generally show highly synchronized
initiation (Fig. 1C), even when the initiation mass can vary
significantly from cell to cell.

The single-cell initiation data show stark differences between

A2ATP s A2ADP (el (Fig. 2). First, A2ATP exhibits a notable

Fig. 1. Extrinsic DnaA-ATP « DnaA-ADP conversion elements. (A) The four extrinsic DnaA-ATP <> DnaA-ADP conversion regulatory elements. (B) We constructed
A2ATP (ADARS1 ADARS2), A2APP (Ahda AdatA), and A4 (ADARST ADARS2 Ahda AdatA) E. coli strains. (C) Tracking the replication dynamics using fluorescence-
labeled replisomes (DnaN-YPet) (1) (Materials and Methods). Chromosome configurations (tracking only the top cells) over time are shown above. The wild-type

cells typically initiate synchronously.
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Fig. 2. Opposing effects of the A2ATP and a2APP mutants on initiation. (A) The initiation mass distributions from mother-machine experiments and the
flow-cytometry data. (B and C) Timelapse fluorescence imaging of A2ATP (A2APP) cells with chromosome configurations above. (D and E) The fork plot of the
A2ATP (A2ADP) cells shows the distribution of foci along the cell long axis in cells binned by cell length. The dashed mean initiation lines are from the initiation

mass distributions from (A).

initiation delay. The initiation mass distribution is shifted to the
right, with an approximately 70% larger average and a slightly
increased CV than the wild-type (Fig. 24). Flow-cytometry data
indicate that most cells contain either one or two replication
origins (0riC’s) (Fig. 24 and SI Appendix, Fig. S6), suggesting
nonoverlapping cell cycles. In other words, initiation typically
occurs after cell birth, a trend supported by the fork plot in
Fig. 2D (Materials and Methods) and illustrated in a real example
in Fig. 2B. Noticeably, the replisome foci distribution in the
cell is highly symmetric in this mutant, which differs from
the discovery in a previous study of a mutant with a similar
genotype (4).

By contrast, initiates prematurely, as evidenced by the
smaller initiation mass than the wild-type cells (Fig. 24). The
average initiation mass is smaller by around 20%, while the CV
increases significantly from 10% to above 20% (Fig. 24). This
mutant was particularly difficult to analyze due to its highly
noisy initiation behavior. For example, unlike the wild-type cells
in the same growth condition, A2APP cells typically undergo
overlapping cell cycles with a new round of replication initiates
before the previous round of replication terminates (Fig. 2C),
a challenging condition for tracking replication cycles using
image analysis (Materials and Methods). Based on the fork plot
in Fig. 2F, we suspect that the actual mean initiation mass could
be even smaller and the CV larger than our statistics suggest (see
SI Appendix, Fig. S5 for estimation details).

These results indicate that the DnaA-ATP — DnaA-ADP and
DnaA-ADP — DnaA-ATP conversion elements have opposing

effects on initiation.

AZADP
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A4 E. coli Exhibits a Near Wild-Type Phenotype Despite
the Absence of All Known Extrinsic DnaA-ATP <+ DnaA-ADP
Conversion Elements. As the A2"T” (ADARS1 ADARS2) and
A2APP (Ahda AdatA) show the opposing effects, we wondered
whether we could delete all four extrinsic conversion elements
(DARS1, DARS2, hda, and datA) (Fig. 34). To the best of our
knowledge, such attempts had never been made before, probably
because of the apparent importance of DnaA-ADP <> DnaA-
ATP in initiation control. Indeed, deletion of each of these
elements typically impacts the cells adversely, as seen in Fig. 2
and ST Appendix, Fig. S4 (25, 30, 43).

To our surprise, however, the A4 (ADARS1 ADARS2 Ahda
AdatA) E. coli not only was viable but also exhibited a near wild-
type initiation phenotype. Specifically, the average initiation mass
remained close to the wild-type cells, with a modest increase in
the CV of the initiation mass from 9.4% to 16.0% (Fig. 34).
This is consistent with the flow-cytometry data, which shows a
small increase in average number of origins per cell with slight
initiation asynchrony (revealed by the peaks corresponding to 3,
5, and 6 replication origins, in addition to 2 and 4 expected for
two overlapping cell cycles) (Fig. 34 and SI Appendix, Fig. S6).
The statistics and flow-cytometry data are also consistent with
the fork plots (Fig. 3 C and D), where A4 and wild-type cells
show similar fork patterns but A4 is noisier. Further, the A4 and
wild-type cells have similar average values in other parameters,
including the growth rate and cell sizes, although the CV is
generally larger in A4 (SI Appendix, Fig. S1).

These results suggest that the rate of DnaA-ADP — DnaA-
ATP by DARS1 4 DARS2 and DnaA-ATP — DnaA-ADP

https://doi.org/10.1073/pnas.2322772121
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Fig. 3. Robustness of A4 E. coli. (A) The initiation mass distributions and the flow-cytometry data for A4 cells vs. wild-type cells. (B) Timelapse fluorescence
imaging of 4 cells with chromosome configurations shown above. (C and D) fork plots for wild-type cells vs. A4 cells.

by hda + datA (RIDA and DDAH) largely compensate each
other in the wild-type cells. In the A4 cells, their opposing
effects should largely cancel out, only mildly compromising the
initiation processes.

The Intrinsic ATPase Activity of DnaA Can be Sufficient for the
Initiation Control. The unexpectedly robust initiation control in
the A4 E. coli raises the fundamental question: if only DnaA-
ATP is required for initiation at 07iC, why does E. coli maintain
both forms of DnaA and the intricate DnaA-ATP <> DnaA-ADP
conversion elements? We present two orthogonal experimental
results that show both forms of DnaA are required to improve
initiation stability to a wider range of physiological conditions.

First, we gradually overproduced wild-type DnaA (DnaAWT)
in the A4 background in intermediate growth conditions
(Fig. 44). The A4 cells were viable up to 1.7-fold the wild-
type level of DnaA and showed reinitiation beyond that point.
By contrast, wild-type cells tolerated a significantly higher level
of DnaA and only overinitiated modestly (Fig. 44). Nevertheless,
that the A4 E. coli was viable at the elevated level of DnaA suggests
a significant ATPase activity of DnaA in vivo.

Next, we also investigated A4 E. coli’s tolerance of two different
DnaA mutants. DnaAR?3#A is known for a significantly decreased
ATPase activity (thus a higher DnaA-ATP level) (39, 44), whereas
DnaAT74” shows an increased activity (thus a lower DnaA-ATP
level) (45). The A4 cells did not tolerate additional DnaAR334A
at all, likely due to the elevated DnaA-ATP level, compared to
the wild-type cells (S7 Appendix, Fig. S2A). Flow-cytometry data
indicated overinitiation with a varying degree in both A4 and
wild-type cells with DnaAR334A (57 Appendix, Fig. S24).

On the other hand, the fast ATPase DnaAT'74" variant did
not cause a significant change in the average initiation mass at
low to intermediate overproduction for both A4 and wild-type
cells. Upon strong overproduction of DnaAT'74P  initiation was
delayed (SI Appendix, Fig. S2B). We interpret these results as
DnaA-ATP — DnaA-ADP in A4 was already sufficient for stable
initiation, until high levels of DnaA-ADP by DnaAT'74P became

4 of 10 https://doi.org/10.1073/pnas.2322772121

detrimental to the initiation process. One possible mechanistic
cause is the formation of short DnaA-ADP oligomers following
the de novo synthesis of DnaAT!74”,| making DnaA-ATP unable
to compete for initiation in this strain (46).

These results underscore that the intrinsic ATPase activity
is sufficient for the observed wild-type phenotype of A4 in
intermediate growth conditions, but their ability to buffer the
impact of DnaA-ATP or DnaA-ADP level perturbations is less
than the wild-type cells.

Extrinsic DnaA-ATP <+ DnaA-ADP Conversion Elements Improve
Initiation Stability to Multifork Replication. To assess the
robustness of A4 cells to physiological perturbations, we tracked
the replication cell cycle in various growth conditions. Under slow
growth conditions, A4 cells exhibit near wild-type growth with
slightly noisier replication initiation (a larger CV) compared to
wild-type cells (Fig. 4B and SI Appendix, Fig. S4). However, their
differences become significant under fast growth conditions, with
the A4 E. coli showing more asynchronous initiations (Fig. 4B),
resulting in growth defects (S Appendix, Figs. S4 and S5). These
results suggest that A4 cells are less robust against perturbations
in fast growth conditions compared to wild-type cells.

Previously, we predicted using our initiator-titration model
v2 that E. coli cells lacking external DnaA-ATP <> DnaA-ADP
conversion elements can develop initiation instability during
multifork replication (33). In this model, the initiation mass can
oscillate between two values as the mass-doubling time becomes
shorter than the C period (C/7 > 1) (Fig. 4C). This unstable
initiation can span a significant range of physiological conditions,
shown as the shaded island in the C/7 vs. initiation mass in
Fig. 4C. When two consecutive initiation events are close enough
to be in the same generation, reinitiation occurs.

In the glucose minimal medium, C/7 was 0.84 + 0.25 for
A4 E. coli (Fig. 4C). Therefore, a subpopulation of A4 cells
can enter the multifork replication regime (C/7 > 1) due to
the large variation of the doubling time and C period. Indeed,
such predicted oscillations can be seen in our single-cell tracking

experiment with E. coli A4 (Fig. 4D).
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Fig. 4. A4 cells vs. wild-type cells in perturbations of DnaA concentration and growth conditions. (A) Flow-cytometry data of wild-type and A4 cells under
different induction levels of an extra copy of dnaA gene on a plasmid. (B) Flow-cytometry data of wild-type and A4 cells under different growth conditions.
(C) Theoretical predictions from the initiator-titration model v2 (33). Lower panel: The distribution of C/z for A4 cells in the glucose condition. (D) A time-lapse
imaging of A4 cells in the glucose condition as an example of unstable initiation mass. The chromosome configurations over time are illustrated above.

In rich media (MOPS rich glycerol), we measured the average
C/t ~ 1.2—1.3 by mother machine (S/ Appendix, Fig. S5),
indicating that most A4 cells are in the reinitiation regime
(Fig. 4C). We were unable to track the replication cycles at the
single-cell level due to significant reinitiations and asynchrony.
Nevertheless, the noisy initiation in A4 E. coli observed in
both flow-cytometry (peaks at the odd numbers) and mother-
machine experiments is well aligned with the predicted initiation
instability.

The initiation instability of A4 E. coli during multifork
replication can be understood intuitively. A4 E. colilacks, among
others, DnaA-ATP — DnaA-ADP conversion at the replication
fork by RIDA. Therefore, A4 E. coli has a higher level of DnaA-
ATP compared to wild-type E. coli, making A4 E. coli cells prone
to reinitiation (see the next section and Fig. 5). Based on these
results, we suggest that the role of extrinsic DnaA-ATP <> DnaA-
ADP conversion elements is to extend initiation stability to
multifork replication.

DnaA-ATP/DnaA-ADP Ratio and dnaA Promoter Activity in Wild-
Type, A2, and A4 E. coli. In wild-type E. coli cells, the DnaA-
ATP/DnaA-ADP is approximately 0.3 (25-27). In A2ATP,
DnaA-ATP/DnaA-ADP should be significantly lower because
the triple-deletion E. coli strain (Abda ADARS1 ADARS2)
shows a nearly 40% reduction in the DnaA-ATP/DnaA-ADP
compared to the single deletion of Abda (26). By contrast, the
A2APP cells exhibit a higher level of DnaA-ATP and DnaA-
ATP/DnaA-ADP =~ 0.9 (27). In E. coli A4, we expect a higher
level of DnaA-ATP and DnaA-ATP/DnaA-ADP compared to
the wild-type cells since E. coli A4 shows the overinitiation
phenotype (low-cytometry data in Figs. 4 and 5).

PNAS 2024 Vol. 121 No. 33 e2322772121

To experimentally test our predictions on the DnaA-
ATP/DnaA-ADP level in the A2 and A4 E. coli, we used
dnadp fused to lacZ encoded in the plasmid pTACDNAA
that we developed previously (47). The rationale is that dnaAp
autorepression is more efficient at a higher DnaA-ATP level
(and thus at higher DnaA-ATP/DnaA-ADP for fixed [DnaAJ;
Fig. 5C) (10, 13). Our experimental results in Fig. 54 (Lef?)
agree with our predictions.

We also tested our predictions using an independent method.
Since the level of DnaA is proportional to the dnaA gene dosage
and the promoter strength, we can predict the promoter strength
by directly measuring the o7i copy number (Fig. 5B) and DnaA
level (Fig. 5 C and D), assuming that DnaA stability is not affected
by ATP/ADP binding (48). Fig. 5A (Right) is the prediction based
on our mathematical model (87 Appendix, section A) and data in
Fig. 5 Band D.

Notice that the DnaA levels (Fig. 5D) and the GFP dnaA
transcriptional reporter levels (Fig. 5E) are similar between wild-
type and A4 E. coli. This is the consequence of the reduced
dnaAp activity (Fig. 54) and the increased gene dosage (Fig. 5B)
compensating with each other in A4. More specifically, the
predicted increase of DnaA-ATP/DnaA-ADP ratio in A4 is
consistent with the slight overinitiation shown in Fig. 34. This is
also in agreement with the previously reported (Ahda ADARSI
ADARS?) triple mutant (equivalent of our A2ATP cells deficient
in Hda) having an increased DnaA-ATP/DnaA-ADP of 0.4
relative to the wild-type level of 0.3 (26). A further removal of
datA is expected to slightly increase the ratio by ~15% according
to previous studies (27, 49).

In the next section, we explain how these results lead to the
different initiation potential in the A2 and A4 cells.

https://doi.org/10.1073/pnas.2322772121
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Fig. 5. The dnaA promoter (dnaA) activity is a good proxy of the rel-
ative DnaA-ATP/DnaA-ADP ratio. (A) Left panel: dnaAp activity measured
by p-galactosidase assay using pTACDNAA plasmids encoding a copy of
dnaAp::lacZ (47). The P-value between the wild-type and each A mutant is
calculated by a two-sample T test. Right panel: lacZ expression level predicted
using a mathematical model (S/ Appendix, section A) and data in (B) and (D).
(B) dnaA gene dosage is approximated by the average ori copy number per
cell measured by flow cytometry. (C and D) Average DnaA concentration
in wild-type, A2 and A4 mutants by western blots. Note that each strain
is represented by three biological replicates. (E) dnaA transcription level is
measured by a GFPmut2 transcription reporter in wild-type and A4 cells,
consistent with the western blots in (C). See more details in Fig. 6. All error
bars are SE of the replicates.

The Initiator-Titration Model v2 Can Explain the A2 and A4
Behaviors. Recently, we extended the initiator-titration model
originally proposed by Hansen et al. (33, 36). In this initiator-
titration model v2, we took into account the conversion of DnaA-
ATP and DnaA-ADP. The key idea underlying both versions of
the model is that DnaA (either form) proteins are first titrated
by the DnaA boxes distributed along the chromosome before
initiation, dividing the replication cycle into two sequential
stages, namely, titration followed by initiation (Fig. 6A).
During the titration stage, the initiation “potential” is strongly
suppressed as DnaA proteins (be they DnaA-ATP or DnaA-ADP)
are titrated by the large number of high-affinity chromosomal
DnaA boxes (10, 50, 51). As most of the chromosomal DnaA
boxes become occupied, DnaA-ATP molecules will start to
cooperatively bind to the cluster of low-affinity DnaA boxes at
the origin of replication (07iC), thereby increasing the initiation
potential (9, 14, 15). Meanwhile, DnaA-ADP can only bind
to the chromosomal DnaA boxes but not at the low-affinity
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DnaA boxes within o7iC, sharpening the initiation potential at
oriC (33). Upon initiation, the number of DnaA boxes at 07iC
doubles, and 07iC is sequestered by SeqA (52). The initiation
potential thus drops significantly upon initiation and remains
low during DNA replication due to the increased RIDA and
DDAH activities.

By translating the initiator-titration model v2 to initiation
potential, we can understand the behavior of A2ATP - AQADP
and A4 in the following manner (Fig. 6B).

1. A27TP: the level of DnaA-ATP is lower than the wild-type,
thus initiation delays since binding of the lowered level of
DnaA-ATP to 07iC is slowed down. DnaA titration and
the related initiation potential are largely unaffected since
both DnaA-ATP and DnaA-ADP can bind the high-affinity
chromosomal DnaA boxes.

2. A2APP: The overall potential is markedly elevated due to the
significantly higher level of DnaA-ATP, and it remains high
after initiation due to the absence of RIDA and DDAH, both
of which provide negative feedback on initiation (33). This
can cause reinitiations.

3. A4: The overall initiation potential is still elevated due to the
lack of RIDA and DDAH. A4 E. coli also lacks DARS1/2
and thus has a reduced DnaA-ADP — DnaA-ATP activity,
alleviating the effect of missing RIDA and DDAH. However,
due to the generally elevated level of DnaA-ATP, a modest
additional increase in DnaA-ATP can cause reinitiation in
the A4 cells, as seen in the DnaAR¥*A mutant experiment
discussed earlier (S/ Appendix, Fig. S2A4).

Both Wild-type and A4 E. coli Show Nearly Constant Concen-
trations of DnaA During Cell Elongation. One of the major
assumptions of the initiator-titration model v2 is the balanced
biosynthesis of DnaA. In the practical aspect, balanced biosynthe-
sis leads to constant protein concentration during cell elongation
(1). This is in stark contrast to eukaryotic cell cycle controls dom-
inated by programmed gene expression and protein degradation,
causing changes in protein concentrations, such as oscillations for
cyclins.

We tracked the DnaA level using a fast-maturing GFP in
the mother machine (53). We found that the single-cell dnaA
transcription levels were indeed practically constant during
steady-state cell elongation despite large fluctuations (Fig. 6
C, solid lines). However, when we aligned the time series by
the initiation events, we noticed a slight decrease of the GFP
concentration at initiation in both wild-type cells and A4 cells.
The decrease in the GFP concentration is due to the plateau of
the total GFP starting at initiation (Fig. 6C, Inset), likely due to
temporary repression of dnaA transcription by SeqA sequestration
(52, 54-56) and dnaA autoregulation (57, 58). The mild decrease
in dnaA promoter activity post initiations is also consistent with
a recent study (59).

Nevertheless, as seen in the mean GFP level vs. time, the
impact of dnaA repression is modest compared to the scale
of protein concentration fluctuations (Fig. 6C). Therefore, the
weak oscillation of the DnaA concentration unlikely can explain
the precise initiation control (CV < 10%). We thus conclude
that DnaA production is nearly balanced, well aligned with the
initiator-titration models (33, 36) and the adder principle of size
control (1, 60, 61).

The constancy of DnaA level in A4 E. coli has important
implications. To see this, consider the balanced biosynthesis of

DnaA, A2 = FN — vNptp, Gt = ANier, and Y =
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Fig. 6. The initiator-titration model v2 and the A2/A4 mutant behaviors. (A) The initiator-titration model v2 and the initiation potential for wild-type cells. (B)
lllustration of the initiation potentials of A2ATP, A2ADP and A4 compared with the wild-type. (C) The time-dependent transcription level of dnaA is measured
by the GFPmut2 transcriptional reporter. Single-cell mean GFP intensity (in absolute unit) time series (solid lines) are aligned at initiation events. The average
GFP level is similar between the wild-type and A4 cells (also see Fig. 5D). Despite a mild decrease after initiation, the nearly constant mean intensity level (white
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AV, where Natp is the number of DnaA-ATP, N, the total
number of DnaA, V' the cell volume, and A the growth rate.
The steady-state solution of these equations leads to [DnaA] =
constant (Fig. 6C), [DnaA-ATP] = constant, and [DnaA-ADP] =
constant during cell elongation (S Appendix, section B). Since
the protein concentrations are constant, the cell must accumulate
a threshold number of initiator proteins to trigger a cell cycle
event, such as DnaA for replication initiation (1, 60) or FtsZ
for cell division (1). These conclusions represent a fundamental
difference from eukaryotic cell cycle control based on oscillations
of cyclin concentrations via programmed gene expression and/or
protein degradation (62).

Discussion

In this work, we have shown that A4 E. coli, devoid of all
known extrinsic regulatory elements for DnaA-ATP <> DnaA-
ADP conversion (DARS1, DARS2, /da, and datA), can exhibit
near wild-type phenotype for initiation control. An emerging
picture from this study and our previous works (1, 33) is that
the bacterial cell cycle control must depend on the protein
counting mechanisms, rather than protein concentration sensing
in eukaryotes. Since balanced biosynthesis is the hallmark of
bacterial physiology (35), the differences between bacteria and
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eukaryotes are profound and merit further investigations in the
future.

Apart from initiation, our A2 and A4 mutants show interesting
features that warrant future investigation. For example, while A4

and A28PP cells show colocalized replisomes (Figs. 1C, 2C,

and 3B) consistent with recent reports (63-65), A2ATP cells

show significantly different behaviors with one replisome focus
splitting into two foci during DNA replication (Fig. 2B). It
remains to be seen whether these differences reflect distinct overall
chromosome organization as suggested previously (65) or more
active interactions between replication forks.

Furthermore, more insightful information may be within
reach based on new high-throughput data and mathematical
modeling (61, 66-68), which can reveal the relationship between
initiation and replication dynamics.

Finally, the conditionally robust initiation of the A4 cells and
its mechanistic implications was a major surprise for us. At the
same time, we also find them gratifying from an evolutionary
perspective (69, 70). For example, the First Cell would only
need one master regulator protein with intrinsic AT Pase activity,
and different organisms may have acquired organism-specific
additional control mechanisms to extend the physiological space
for robust initiation control and stability during evolution
(Fig. 4). While modest in the cell-cycle timescale, their impact
on the evolutionary timescale is unquestionable.

https://doi.org/10.1073/pnas.2322772121
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Materials and Methods

Growth Conditions. In flow-cytometry experiments and most of the mother-
machine experiments, cells were grown in Lysogeny Broth (LB) or AB minimal
medium (71) supplemented with 10 gg/mL thiamine and 0.2% glucose (ABT-
glucose), 0.2% glucose 4 0.5% casamino acids (ABT-glucose + casamino acids),
or 0.2% glycerol (ABT-glycerol). Only in the mother-machine experiments in fast
growth conditions (S/ Appendix, Fig. S5), we used MOPS rich media (5, 72)
supplemented with 0.2% glycerol. When necessary, antibiotics were added
in the following concentrations: kanamycin, 50 pug/mL; chloramphenicol, 20
pg/mL; ampicillin, 150 pg/mL.

Construction of Mutants of DnaA-ATP <> DnaA-ADP Regulatory
Elements. All strains used were derivatives of E. coli K-12 MG1655 (F- A-
rph-1)(73). All deletions were performed by P1-mediated transduction (74). The
Ahda AdatA strain was constructed by transducing Ahda into a AdatA strain
and plating it on an ABT-glycerol medium as described previously (43, 75).
The individual ADARS1:cat (ALO4313) and ADARS2:cat (ALO4254) mutants
were constructed previously (28, 76) using the A-red procedure (77). Before
combining the ADARST and ADARS2, the cat resistance marker was cured
from ALO4313 using pCP20 (78). The A4 strain (ADARS1T ADARS2 Ahda and
AdatA) was constructed by combining the above by P1 transduction. All strains
were whole-genome sequenced to confirm the presence of the mutations and
to ensure that no suppressors appeared (S/ Appendix, Table S2).

Construction of Fluorescence-Labeled Strains. To track the initiation of
chromosome replication in the strains, we inserted a fluorescence-labeled
sliding-clamp of the replisome, dnaN-yPet (1, 79), into the wild-type, A2ATP,
A2"P ‘and A4 strains through P1 transduction (S/ Appendix, Table S1).

To measure the DnaA level while tracking initiations in the wild-type and
A4, we inserted a fast-maturing GFP, gfomut2 (80), between the endogenous
dnaA and dnaN as a transcription reporter for dnaA. Due to the similarity of the
excitation spectra between YPetand GFPmut2, we used mCherry instead of YPet
as a fluorescent tag for the replisome. The gfpmut2 and the mcherry genes were
assembled with an ampicillin resistance gene using Gibson assembly, and the
entire fragment was inserted to the dnaA operon on the chromosome of both
the wild-type and A4 through recombineering (81). For A4, we verified the loci
of previous deletions through sequencing after recombineering.

Plasmids. Overexpression of DnaA was performed using pLR40 (82).

The pLRR334A with DnaAR334A was created using the primers: CTG CAG GTC
GAC GGA TCC CCA A, AGC CCA GCG CGT CGG CCG CCAT, TCGCCAAGCGTCT-
ACGATCTAACGTAGCTGAGCTGGAAGGGGCGCTGAAC, and GTTCAGCGCCCCTTCCA-
GCTCAGCTACGTTAGATCGTAGACGCTTGGCGA.

The pLRT174P with DnaAT"/4P was created using primers: CTG CAG GIC
GAC GGA TCC CCA A, AGC CCA GCG CGT CGG CCG CCA T, ATGGCGGCC-
CGGGTCTGGGTAAAACTCACC, and ACCCAGACCCGGGCCGCCATAAAGGAACAA.

DnaA Level Measurements. Samples for western blots were prepared as
described previously (48). Quantification of protein levels and analysis were
performed using ImageJ software and the signal relative to the wildtype was
calculated.

Flow Cytometry. Cells were balanced in exponential growth for more than 10
generations and incubated with 300 pg/mL rifampicin and 36 pg/mL at 37 °C
for 4 h, allowing ongoing replication cycles to terminate. Cells were harvested
and resuspended in 100 pL 10 mM Tris-HC, pH 7.4, and fixed by adding 1 mL
of 77% ethanol and stored at 4 °C.

Before flow cytometric analysis, fixed cells were pelleted by centrifugation
at 15,000 rcf for 15 min. The supernatant was discarded, and the pellet was
resuspended in 150 pl staining solution (90 pg/mL mithramycin, 20 pg/mL
ethidium bromide, 10 mM MgCl,, 10 mM Tris-HCI, pH 7.4). Samples were kept
on ice fora minimum of 10 min before analysis.

We performed flow-cytometry experiments as described previously (83)
using an Apogee A10 system. A minimum of 30,000 cells for each sample
were analyzed.

https://doi.org/10.1073/pnas.2322772121

Growth Rates Quantifications. Overnight cell cultures were back diluted by
>4,000 folds and then incubated in flasks in 37 °C water incubator. The 0D
of cell cultures was measured using a spectrophotometer (Thermo Scientific
GENESYS 20). The data points when cells entered exponential growth (ODggq
between 0.01 and 0.2) were taken into account for determining doubling times.
Doubling times were determined by linear regression of logy(ODgqq) versus
time.

B-Galactosidase Assay. Cells transformed with pTACDNAA (47) were grown in
ABT-glucose (0.2%) in presence of carbenicillin (100 pg/mL) and permeabilized
with toluene. The p-galactosidase activity was determined as previously
described (74).

Microfluidic Experiments. We used PDMS-based mother machines to track
single-cell lineages (1, 53, 84). To guarantee the same experimental conditions
for control experiments, we designed duplex mother machines and multiplex
mother machines that contain two main trenches and sixteen main trenches on
each device, respectively (SI Appendix, Fig. S7). Each side of the main trench
consists of 2,000 channels with a width ranging from 1.1 to 1.5 pm in design.
The inlet of each main trench was connected to a syringe with a growth medium
by Teflon tubing. The syringes were controlled by syringe pumps (PHD Ultra,
Harvard Apparatus, MA) to maintain a constant flow rate of 1 mLU/hour in each
main trench.

In preparation of a mother-machine experiment, a single colony was
inoculated in 1 mL ABT-glucose, containing appropriate antibiotics, and
incubated overnight at 37 °C in a water-bath shaker. Cells were then diluted
1,000-fold into fresh media and balanced in an exponential phase for more
than 10 generations. When reaching an ODggq of 0.1 to 0.15, cells were
pelleted, concentrated, and injected into the mother machine device prewashed
with BSA to reduce cell adhesion in the device channels. A constant flow of
fresh growth media was supplied through the device for the duration of the
experiment, as described previously (1, 84). After setting up the microfluidics
and the microscopy program, we waited around 3 h before imaging to ensure
cells were in the steady state.

Microscopy. We performed phase contrastand fluorescence imaging tandemly
on an inverted microscope (Nikon Ti-E) with Perfect Focus 3 (PFS3), 100 oil
immersion objective (PH3, numerical aperture = 1.45), Obis lasers 488 nm
(Coherent Inc., CA) as fluorescence light source, Chroma EYFP filter (49003-ET-
EYFP), and Prime 95B sCMOS camera (Photometrics) (1). For data in Fig. 6C,
we used Obis lasers in both 488 and 561 nm as well as a GFP/mCherry dual-
band filter (59022-ET-EGFP/mCherry). The laser power for 488 nm excitation
was 30 mW, and the exposure time was 100 ms. The laser power for 561 nm
excitation was 40 mW, and the exposure time was 100 ms. The imaging time
interval was 2.5 min for all the mother-machine experiments.

Image Analysis. We used our Napari-mm3 platform (85), following the
developed protocol of mother-machine image analysis (85). Details of different
parts of data analysis are as follows.

Cell segmentation. For cell segmentation, we used a machine-learming-based
method, U-net, rather than the traditional Otsu method to obtain more reliable
results (86).

Fluorescence kymographs. The cell segmentation results were also used in
plotting time-lapse fluorescence images (kymographs), such as in Fig. 1C.
In Adobe lllustrator (2023), a segmentation image and the corresponding
fluorescence image were overlapped first, and the “image trace" function was
applied to the segmentation image to track and smoothen the boundary of each
segmented cell. We then used the function "make clipping mask” to obtain
individual cell images with fluorescence inside.

Fork plots. For fork plots, we used a Laplacian of Gaussian method to identify
fluorescence foci, as described previously (1). The position of foci along the cell's
long axis (y axis) was recorded and binned by 1 pixel of the original image
(0.11 pm). Cells were then binned by cell length (x axis) with 1 pixel (0.11 pm)
in each bin. The number of foci in each pixel was counted for all daughter cells
[mother cells not counted to avoid any aging effects (85)], and then normalized
by the number of cells at the same cell length. Thus, the color in each pixel on
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the fork plots shows the probability of foci appearing at that y-position in the cell
in that cell length.

Initiation and termination identification. For single-cell initiation and ter-
mination data, we did manual annotation and inspection using two different
methods. First, we used the results from fociidentification as described previously
in ref. 1. To ensure the first method was not biased by foci identification, our
second method directly tracked foci from the subtracted fluorescence images on
Napari (a new feature in Napari-mm3). We found that both methods produced
similar distributions of the initiation mass for the wild-type, A2ATP, and A4,
while the foci in A2"PP was too messy to be tracked faithfully by the second
method. We then adopted the foci tracking results from the first method as in
Figs. 2 and 3. The cell length at initiations and terminations was recorded, and
the initiation mass was defined as the cell length at initiation, divided by the
number of origins [given the negligible change in cell width (84)].

Aligned fluorescence intensity time series. The mean intensity of a transcrip-
tion reporter (such as GFPmut2) within a cell at each time point was calculated
by averaging the intensity values (in absolute unit) along the mid-line of a cell
using the function “morphology.medial_axis" in the Python package "skimage.”
The mean intensity time series for each cells were aligned by the initiation events
(i.e., initiation time = 0). The average value was calculated at each time point
(white line in Fig. 6C) and the standard value is shown by the shadow region.
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