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SYNTHETIC BIOLOGY

Establishing a synthetic orthogonal replication system
enables accelerated evolution in E. coli

Rongzhen Tian*, Fabian B. H. Rehm, Dariusz Czernecki, Yangqi Gu, Jérome F. Ziircher,

Kim C. Liu, Jason W. Chin*

The evolution of new function in living organisms is slow and fundamentally limited by their critical mutation
rate. Here, we established a stable orthogonal replication system in Escherichia coli. The orthogonal replicon
can carry diverse cargos of at least 16.5 kilobases and is not copied by host polymerases but is selectively
copied by an orthogonal DNA polymerase (O-DNAP), which does not copy the genome. We designed mutant
O-DNAPs that selectively increase the mutation rate of the orthogonal replicon by two to four orders of
magnitude. We demonstrate the utility of our system for accelerated continuous evolution by evolving a
150-fold increase in resistance to tigecycline in 12 days. And, starting from a GFP variant, we evolved a

1000-fold increase in cellular fluorescence in 5 days.

he evolution of new function in living
organisms is the result of continuous
genomic mutation and selection within
a population. This process is slow, and
the rate of evolution is fundamentally
limited by the critical mutation rate (7). Di-
rected evolution commonly sidesteps the lim-
itation on in vivo mutation rate by generating
genetic diversity in vitro (2), but this does
not enable the continuous evolution of genes
within an organism. The mutation rate of cells
can be transiently increased, but high levels
of untargeted mutation lead to a catastrophic
mutational load on the genome and are un-
sustainable. Genes inserted in viral genomes
can be mutated by iteratively infecting new
mutagenic cells (3-6). This approach sidesteps
the challenge of increasing the rate of sus-
tained mutation on genes in cells and can be
extended to select for some phenotypes (7).
However, this strategy is limited to evolving
genes that are small enough to be packaged
into viruses and to selecting phenotypes that
can be coupled to infectivity; furthermore,
selection occurs in cells under conditions of
replicative stress, which may further limit the
cellular phenotypes that can be explored.
Strategies that direct mutations to specific,
targeted DNA sequences within cells without
substantially increasing the genomic mutation
rate offer the possibility of driving accelerated,
sustainable, continuous, cellular evolution of
target sequences (8-17). Pioneering work has
taken advantage of an existing natural linear
plasmid that functions in the yeast cytosol and
is replicated by a dedicated, protein-primed
DNA polymerase that does not copy the yeast
genome as a natural orthogonal replication sys-
tem (12, 13). By recombining target genes into
this existing linear plasmid system in yeast
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and generating mutagenic orthogonal DNA
polymerases, a continuous evolution system
was developed in this host. This system has
been used to evolve metabolic pathways and
antibodies and provided key insights into evo-
lutionary trajectories (12, 13, 18). However, the
system cannot be used for engineering bacte-
rial genetic elements and requires additional
steps to engineer the established replicons
in vivo. Moreover, the doubling time of yeast
makes this system theoretically slower than
bacterial systems. Recent work has shown that
target genes can also be recombined into a
natural linear plasmid in Bacillus thuringiensis,
and this system can also be used to generate a
mutagenic orthogonal replication system (74).
However, there are very limited genetic tools
in this organism and the host is not widely
used or well characterized.

Escherichia coli is the workhorse of mo-
lecular biology and is widely used in both fun-
damental discovery science and industrial
production (19). It is the best characterized
organism, and many of its biochemical path-
ways have been characterized in detail. It has
arapid doubling time (~20 min) and is a pre-
ferred host for gene cloning and protein ex-
pression, and a vast repertoire of genetic tools
have been developed for this organism over
many years. An outstanding challenge over
the past decade has been to discover a stable
orthogonal replication system that operates in
E. coli and thereby enables accelerated contin-
uous evolution in this host. However, despite
substantial effort, no stable orthogonal repli-
cation system has been discovered in E. coli.

Results
Establishing a synthetic linear DNA replication
system in vivo

PRD1 is a lytic phage that infects E. coli, under-
goes uncontrolled replication, and lyses cells in
60 min (Fig. 1A and fig. S1) (20). Its linear,
double-stranded genome encodes at least
25 gene products from five annotated operons
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and terminators (21). The ends of the lil....
genome are composed of inverted terminal re-
peats (ITRs) that form the binding site for the
terminal protein (TP) and function as origins
of replication (Fig. 1B) (22). The early operons
contain the genes responsible for replication
of the PRD1 genome. The left early operon en-
codes the TP and the DNA polymerase (DNAP),
and the right early operon encodes phage single-
stranded DNA binding protein (SSB) and double-
stranded DNA-binding protein (DSB). The
central operons contain the genes encoding
the remaining structural and lytic protein com-
ponents of PRD1.

To generate a synthetic system for the con-
trolled replication of a linear replicon (Fig. 1A),
we separated the four genes that we hypothe-
sized might be essential for in vivo replication
of the PRD1 genome from the structural and
Iytic genes and combined them into a single
synthetic replication operon controlled by an
isopropyl-B-p-thiogalactopyranoside (IPTG)-
inducible promoter, PtacIPTG (Fig. 1B). We
hypothesized that this synthetic replication
operon might be sufficient to direct the rep-
lication of any linear double-stranded DNA
flanked by PRD1 ITR sequences in E. coli with-
out leading to the uncontrolled replication
and cell lysis mediated by the parent phage.
We integrated the synthetic replication op-
eron into the genome of E. coli to create a strain
primed for replicating a linear replicon com-
posed of linear double-stranded DNA flanked
by PRD1 ITR sequences.

We created a Kan®-GFP linear replicon com-
posed of a kanamycin resistance gene and a
GFP gene under the control of constitutive
promoters flanked by 110-bp PRD1 ITR se-
quences on each end; the sequence was am-
plified by polymerase chain reaction (PCR)
(Fig. 1C). We electroporated this replicon into
E. coli bearing the synthetic replication operon
in their genome and plated the cells on agar
plates containing IPTG to express the operon
and kanamycin to maintain the replicon. We
obtained 9 + 4 colonies per 100 ul of competent
cells that grew on kanamycin and exhibited
green fluorescent protein (GFP) fluorescence,
which is consistent with the linear replicon
being present in cells (Fig. 1D). We did not ob-
serve growth on kanamycin when the linear
replicon was electroporated into cells that did
not contain the synthetic replication operon,
demonstrating that the synthetic replication
operon is necessary for the maintenance of the
linear replicon (Fig. 1D). Purification of the linear
replicon and analysis by agarose gel electropho-
resis confirmed the presence of the linear rep-
licon in cells (Fig. 1E). Taken together, our
experiments demonstrate that we have created
a linear replicon that requires the synthetic
replication operon for its maintenance and
replication.
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Fig. 1. Establishing a synthetic orthogonal replicon in E. coli. (A) PRD1
undergoes uncontrolled replication upon infecting E. coli and rapidly lyses

host cells. Constructing a synthetic operon enables controlled replication of an
orthogonal replicon. ITRs are shown in yellow. (B) We combined genes for
replication of the orthogonal replicon to generate a synthetic replication operon.
(C) Orthogonal replicons can be established by electroporating into E. coli

cells harboring a genomic synthetic replication operon. The linear Kan®-GFP
replicon consists of flanking 110-bp ITR, a kanamycin resistance gene, and a GFP

gene. (D) Efficiency of establishing orthogonal replicons by electroporating 3 ug
of Kan"-GFP PCR product into 100 ul (~10° cells). Expression of gam, ssb,

and dsb genes from a helper plasmid increased efficiency (n = 3, error bars
indicate + SD). (E) Extraction of the Kan®-GFP orthogonal replicon from cells.
Proteinase K addition was needed to remove the terminal proteins. The control is a
PCR product. (F) Essentiality of genes in the synthetic replication operon for
establishing the orthogonal replicon. (G) A 16.5-kb orthogonal replicon. Shown is the
lllumina sequencing read coverage.

We next sought to increase the efficiency
with which the linear replicon could be estab-
lished in cells. We expressed the Gam protein
from the lambda phage, which inhibits host
nucleases (RecBCD and SbeCD) and thereby
protects linear double-stranded DNA from deg-
radation (23), and found that it increased the
number of colonies 22-fold. Overexpression of
PRD1 ssb and dsb increased colony formation
comparably to gam (Fig. 1D). Overexpressing
gam, PRDI1 ssb and dsb together increased the
number of colonies 380-fold with respect to
the original system. Switching to using non-
phosphorylated primers with overexpressed
gam, ssb, and dsb generated the most efficient
transformation system and increased the num-
ber of colonies 608-fold with respect to the
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original system (Fig. 1D). The helper plasmids
used to express gam, ssb, and dsb, were easily
cured from cells once the linear replicon was
established in cells (fig. S2).

We electroporated the Kan®-GFP linear rep-
licon into E. coli cells transformed with a single-
copy plasmid bearing a synthetic replication
operon in which one of each of the four genes in
the operon (encoding TP, DNAP, SSB, and DSB)
was disrupted (Fig. 1F). These experiments dem-
onstrated that the DNAP, TP, and SSB, but not
DSB, are necessary for establishing the linear
replicon. Because the linear replicon is replicated
by the PRDI1-derived DNAP, but not the host
DNAPs, we refer to it as an orthogonal replicon.

Using the most efficient transformation system,
we established in vivo replication for a 16.5-kb
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orthogonal replicon (Fig. 1G). This demonstrates
that we can use the system for large cargos.

Orthogonal replicon is stably inherited

To investigate the stability of the orthogonal
replicon through many cell divisions, we fol-
lowed the percentage of cells that maintain
the Kan®GFP orthogonal replicon, as judged
by the percentage of cells positive for GFP
fluorescence shown by fluorescence-activated
cell sorting (FACS), over 300 generations (Fig.
2A and fig. S3). In the presence of kanamycin,
the Kan®-GFP orthogonal replicon was stably
maintained for 300 generations (Fig. 2A). In
the absence of kanamycin, GFP fluorescence
began to decay after ~50 generations (Fig. 2A).
We obtained similar results using alternative
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Fig. 2. Orthogonal replicons are stably maintained for hundreds of generations. (A) Stability of the
Kan®GFP orthogonal replicon over 300 generations with or without kanamycin, as assessed by maintenance
of GFP fluorescence using flow cytometry. The synthetic replication operon was under the control of a
PdnaKJ promoter. (B) The ITR origins were iteratively truncated to establish a minimal origin for an
orthogonal replicon. A single 18-bp repeat is shown in orange and the rest of the ITR in yellow. (C) Stability
over 100 generations of the truncated orthogonal replicons shown in (B) in the presence of kanamycin as
assessed by maintenance of GFP fluorescence using flow cytometry. (D) Multiple distinct orthogonal
replicons were sequentially transformed and co-maintained under selection. (E) Stability, over 100

generations, of two or three co-maintained orthogonal replicons, as shown in (D), in the presence of the
corresponding antibiotics as assessed by the maintenance of GFP fluorescence using flow cytometry. For
the doubly transformed cells, O-RA corresponds to an orthogonal replicon carrying Amp~. For all
experiments, n = 3 and data are shown as mean + SD.

promoters to control the genomically inte-
grated synthetic replication operon (fig. S3).
These experiments demonstrated that the or-
thogonal replicon can be stably maintained in
cells for many generations, as required for di-
rected evolution using orthogonal replication
systems.

Defining minimal origins of replication for the
orthogonal replicon

To determine the minimal origin length re-
quired to establish an orthogonal replicon in
cells, we prepared linear DNA with iteratively
truncated ITRs (Fig. 2B). We found that repli-
cons with ITRs truncated to 60, 40, or 18 bp
could readily be established and maintained
under selection for at least 100 generations
(Fig. 2C and fig. S4). Linear DNA bearing 10 bp of
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the ITRs did not enable the replicon to be estab-
lished, which is in agreement with an in vitro
study of minimal PRDI1 replication origins (24).
Aligning the left origin of the PRD1 phage to
the left origins of other Tectiviridae phages that
prey on E. coli revealed that this minimal 18-bp
sequence was conserved (fig. S1B).

Maintaining multiple distinct orthogonal
replicons simultaneously

To test whether multiple distinct orthogonal
replicons could be maintained in the same cell
simultaneously, we sequentially established
orthogonal replicons carrying different selec-
tion markers in cells (Fig. 2D). We found that
at least three orthogonal replicons could be
maintained simultaneously, under selection,
for at least 100 generations (Fig. 2E). This may
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Fig. 3. Control of orthogonal replicon copy
number over a 465-fold range. (A) Control of the
orthogonal replicon copy number is achieved by
inducing expression of the synthetic replication
operon through IPTG addition or by down-regulating
its expression using an arabinose-inducible dCas9
targeted to the IPTG-responsive Ptac promoter.
(B) Orthogonal replicon copy number, as
determined by quantitative PCR, and GFP fluores-
cence (normalized to ODggg) Were measured

at different arabinose or IPTG concentrations.

(C) Correlation between Kan®-GFP orthogonal rep-
licon copy number and GFP fluorescence. Data
from (B) were replotted for (C). For all experiments,
n = 3 and data are shown as mean + SD.

enable the directed evolution of multigene path-
ways without the requirement for these genes
to be on a contiguous stretch of DNA.

Controlling orthogonal replicon copy number

Next, we modulated the copy number of an
orthogonal replicon (expressing GFP from a
constitutive promoter) in cells containing the
IPTG-inducible synthetic replication operon
(Fig. 3A and fig. S5). Cells also contained an
arabinose-inducible dCas9 targeted to repress
the IPTG-responsive Ptac promoter on the syn-
thetic replication operon (fig. S6). By addition
of arabinose or IPTG to cells, we modulated
the copy number of the orthogonal replicon
466-fold, from 2.5 to 1166 copies per cell (Fig.
3B). We observed an increase in fluorescence
resulting from GFP expression with increasing
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orthogonal replicon copy number (Fig. 3C and
fig. S7). In all cases, we further validated the
precise orthogonal replicon copy numbers using
quantitative PCR. These experiments demon-
strated that we could regulate the copy num-
ber of the orthogonal replicon, and therefore
gene expression from the orthogonal replicon,
over a wide dynamic range.

Mutagenic DNA polymerases for the
orthogonal replicon

To measure the mutation rate of the orthogonal
replicon, we performed fluctuation analysis
(25, 26). We introduced a Kan®-Cm®(Q38TAG)
orthogonal replicon that contains an amber
stop codon (TAG) at position 38 of the chlor-
amphenicol resistance gene (Cm%) into cells
containing a genomically encoded synthetic
replication operon with a wild-type (WT) DNAP.
We switched from using the genomically en-
coded WT DNAP to primarily using the plasmid-
encoded DNAP of interest for replicating the
orthogonal replicon by dCas9-meditated sup-
pression of the genomically encoded synthetic
replication operon and induction of plasmid
encoded synthetic replication operons with
mutagenic polymerases (fig. S8). After 10 gen-
erations, we measured the fraction of Cm-
resistant cells resulting from point mutations
that convert the TAG stop codon to sense
codons. Because a single copy of the intact
Cm® gene is sufficient to confer chloramphen-
icol resistance, we also measured the copy
number of the orthogonal replicon (fig. S9).
We used this information to calculate the ap-
parent genomic mutation rate [y, in substi-
tutions per base pair per generation (s.p.b.)]
for the DNAP at the TAG codon in the orthog-
onal replicon (fig. S9). The apparent mutation
rate for the WT DNAP was 8.96 x 107° spb.
We designed nine DNAPs (fig. S9) with the
goal of increasing the mutation rate of the
orthogonal replicon. The mutant DNAPs in-
creased the apparent mutation rate to between
2.3 x107° and 7.6 x 10~° s.p.b. (fig. S9). The error
rates of some of these DNAPs exceed the
threshold of 4 x 1077 s.p.b. that has previ-
ously been experimentally shown to lead to
loss of viability with any further increase in
mutagenesis (27). We focused on character-
izing two mutant DNAPs, N71D and Y127A,
because these mutant DNAPs supported
linear orthogonal replicon copy numbers
comparable to the WT DNAP (fig. S9). The
mutation rate of the DNAPs N71D and Y127A
were 9.13 x 107 and 5.61 x 1077 s.p.b., respec-
tively (Fig. 4).

0-DNA polymerases do not copy the genome

To measure the genomic mutation rate in cells
containing each DNAP (WT, N71D, and Y127A),
we introduced a Cm®(Q38TAG) gene into the
genome of strains containing the synthetic
replication operon and switched from using
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Fig. 4. Mutagenic orthogonal DNA polymerases
selectively mutate the orthogonal replicon

but not the genome. Determination of genomic or
orthogonal replicon mutation rate (y, in s.p.b.) for
the O-DNAP and its engineered variants. The
mutation rate was measured after 10 generations
with fluctuation tests. For assessment of the
orthogonal replicon mutation rate, we used an
orthogonal replicon-encoded Cm® gene with a

TAG stop codon at position 38, and the O-DNAP
variants were expressed from genomically
integrated synthetic replication operons. For
assessment of the genome mutation rate, we used a
genomically encoded Cm® gene with a TAG stop
codon at position 38, and the O-DNAP variants were
expressed from pl5A plasmids using rhamnose
induction. For all experiments, n = 12 and data are
shown as mean + upper or lower 95% bounds.

the genomically encoded WT DNAP to pri-
marily using the plasmid encoded DNAP of
interest to copy the orthogonal replicon. After
10 generations, we measured the fraction of
Cm-resistant cells resulting from point muta-
tions that convert the TAG stop codon in the
genome to sense codons and calculated the
genomic mutation rate (i) at the TAG codon.
The genomic mutation rates with each mutant
DNAP were indistinguishable from the ge-
nomic mutation rate in unmodified WT cells
(Fig. 4). Moreover, the genomic mutation rates
that we measured (6.4 x 107° s.p.b.) were com-
parable to those previously reported for E. coli
(28, 29). We conclude that the DNAP mutants
can increase the mutation rate for replication
of the orthogonal replicon without affecting
the mutation rate of the genome, which is
replicated by host DNAPs. The mutation rate
for replication of the orthogonal replicon by
the N71D and Y127A mutant DNAPs is ap-
proximately three orders of magnitude higher
than the mutation rate of the genome. Overall,
we conclude that the DNAP for the orthogonal
replicon is an orthogonal DNAP (O-DNAP) and
the orthogonal replicon and the synthetic rep-
lication operon (which contains the O-DNAP)
constitute an E. coli orthogonal replication
system (EcORep).

Accelerated continuous evolution of
tigecycline resistance

Next, we investigated whether we could use
the orthogonal replication system to contin-
uously evolve new functions. We first inves-
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tigated converting the tetracycline resistance
gene fetA into a gene that confers resistance to
tigecycline. We grew cells containing a Kan®-
TetA orthogonal replicon, which is primarily
replicated by mutagenic (plasmid encoded)
O-DNAPs in increasing concentrations of tige-
cycline (fig. S10). We completed 14 passages
in 12 days. We performed 12 replicates with
O-DNAP (N71D) and 12 replicates with O-DNAP
(Y127A), with similar results.

After selection, we switched to replicating the
orthogonal replicon with the WT O-DNAP so
that it was not subject to further mutation. We
obtained pools of cells that grew on 150 ug ml™
tigecycline (Fig. 5A and fig. S11). For compar-
ison, cells containing the WT tet4 gene on the
orthogonal replicon grew on agar plates con-
taining tigecycline at 0.5 ug ml~* but failed to
grow on 2.5 g ml ™! tigecycline. We identified
numerous mutations across the promoter
and 5-untranslated region (5-UTR), as well
as synonymous and nonsynonymous muta-
tions in the open reading frame (figs. S12 and
S13 and data S1). Our experiment directly
identifies mutations in tetA that have previ-
ously been implicated in tigecycline resistance,
as well as a series of new mutations (Fig. 5B,
data S1, and fig. S11). In contrast to previous
work, we increased tolerance to both tigecy-
cline and tetracycline simultaneously (fig.
S11) (10).

We cloned selected genes into a standard
circular plasmid (with a copy number ~5-fold
lower than that of the orthogonal replicon).
The evolved tetA genes conferred tigecycline
resistance to 37 g ml ™, whereas the parent tet4
gene conferred resistance to 0.25 ug ml™, and
a previously reported zetA gene for tigecycline
resistance conferred resistance to 0.5 pg ml™
(Fig. 5C and fig. S14) (10). We conclude that in
12 days, we evolved tigecycline resistance genes
that conferred resistance to 150 times more
tigecycline than the starting gene and 74 times
more tigecycline than in previous work.

Accelerated continuous evolution
of GFP fluorescence

Next, we aimed to continuously evolve a GFP
gene for increased green fluorescence. We grew
cells containing a Kan®-GFP orthogonal repli-
con in which “GFP” is a weakly fluorescing
T66H variant of sfGFP (fig. S15) on a weak
promoter; for simplicity, we refer to our start-
ing variant as “WT GFP.” The replicon was
primarily replicated by (plasmid-encoded) muta-
genic O-DNAPs (fig. S16).

To diversify the GFP gene and promoter,
cells were diluted 1000-fold from a saturated
culture and grown for 12 hours before 1000-
fold dilution into fresh medium. This process
was repeated four times over 48 hours before
cells were sorted for GFP fluorescence. The
resulting cells were then grown for a further
48 hours, with sorting for GFP fluorescence

4 0of 6

202 “TT YoLe|Al UO JogJy uuy UeBIUdI A JO A1seAlun e 610°90us 105" MMM//:sAdny Wou ) pepeo|umod



RESEARCH | RESEARCH ARTICLE

A B

Tigecycline pg/ml Tetracycline pg/ml

S
0.10.250525 5 12 25 37 50 100150

e | o O E
O-replicon | Evolved nnnn-n-!.n

Perlplasmlc

10 25 50 75 100150200 300

DDDBEIIII

e/o[e/o[0/oe[s |

Tigecycline pg/ml Tetracycline pg/ml

C ——
Promoter tetA 010250525 5 12 25 37 50 100150 50 75 100150 200 300
s | Bw wr I 10 I | O germinal
§§ EM7 Reportedunu... ... . Cytoplasmic = - o on
&) ew v CIOIOOEIREE »[®(s] Frequency (%)
s levuts Mot OOOO0DE OO0 © 20 40 60 80 100
— |
D E __ 50000
& 40000
0h § 30000
3 20000
48h = o
3 S 10000
[&] o
72h 0
| PE Ty ey
96 h b, Promoter & (8 5313 883
L S A= saca=
T T ™ Frequency (%) oo
o 103 0% 105 0 20 40 60 80100 U U U DRI
GFP fluorescence (a.u.) — | GFPiz iz iz iz 2:2: 2

Fig. 5. Accelerated continuous evolution of tigecycline resistance and GFP fluorescence in cells.

(A) Analysis of an evolved pool (after 14 passages) of cells carrying the Kan®-TetA orthogonal replicon.
Shown is the pool for replicate 10 performed with the N71D O-DNAP; fig. S13 shows other replicates.

(B) AlphaFold2 model of TetA. Gradient indicates the mutational frequency of each residue. (C) Validation
of evolved tetA on a ColE1 plasmid. Shown is Mut_3 from the replicate 10 pool; fig. S15 shows other
mutants. Either the EM7 promoter or the evolved promoter (pMut_3) were used to drive expression. WT
tetA or a previously reported mutant were assessed for comparison. (D) To select for brighter variants of
a KanR-GFP orthogonal replicon, we iteratively isolated the brightest 0.1% of cells through FACS. Replicate
12 from the Y127A O-DNAP is shown; fig. S18 shows other replicates. (E) Structure of GFP (2B3P). Gradient

(12-14). The orthogonal linear double-stranded
DNA replicon simply requires 18-bp DNA se-
quences at each end and can carry diverse
cargos, including cargos too large for viral sys-
tems. The dynamic range of our control over
replicon copy number exceeds that of control
systems for circular plasmid copy number
(80, 31). Control over copy number allows con-
trol over evolutionary dynamics. Low copy
number and stringent selection should favor
the direct discovery of the desired genotypes
that are proximal to the sequence of the start-
ing gene. By contrast, high copy number may
favor the exploration of more distal sequence
space, thereby enabling the crossing of fitness
valleys. These different evolutionary dynamics
may be preferred in different circumstances.

EcORep provides a simple, stable, and scal-
able platform for accelerated continuous evo-
lution in E. coli. We anticipate that it will
substantially accelerate the development of
diverse research tools, biopharmaceutical leads,
and strains for the production of industrial
chemicals.
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