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SYNTHETIC BIOLOGY

Plasmid hypermutation using a targeted artificial

DNA replisome

Xiao Yi'*, Joleen Khey? Romas J. Kazlauskas'>*, Michael Travisano'**

Extensive exploration of a protein’s sequence space for improved or new molecular functions requires in vivo
evolution with large populations. But disentangling the evolution of a target protein from the rest of the pro-
teome is challenging. Here, we designed a protein complex of a targeted artificial DNA replisome (TADR) that
operates in live cells to processively replicate one strand of a plasmid with errors. It enhanced mutation rates of
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the target plasmid up to 2.3 x 10°fold with only a 78-fold increase in off-target mutagenesis. It was used to evolve
itself to increase error rate and increase the efficiency of an efflux pump while simultaneously expanding the
substrate repertoire. TADR enables multiple simultaneous substitutions to discover functions inaccessible by
accumulating single substitutions, affording potential for solving hard problems in molecular evolution and

developing biologic drugs and industrial catalysts.

INTRODUCTION

Evolutionary innovation of new protein functions is central to
Darwinian adaptation. For example, bacterial efflux pumps evolved
into antibiotic resistance proteins (1). Natural evolution depends in
complex ways on population size, mutation rate, and the shape of
the adaptive landscape. Because evolution in nature occurs over
decades or longer, it is difficult to study and also difficult to apply to
making new enzymes for medicine and industry. The tool to solve
this problem would target enhanced mutagenesis to specific loci
in vivo, such as a plasmid that carries gene(s) for the protein(s) of
interest. The in vivo approach creates larger populations with muta-
tion combinations beyond that accessible by in vitro directed evolu-
tion. One milliliter of overnight bacterial culture carries cells in
billions—the theoretical size of mutant library, whereas directed
evolution experiments, which rely on in vitro chemistry of error-
prone polymerase chain reaction (PCR), use no more than several
million variants by pooling colonies from many electroporations
(2). Targeting specific loci prevents deleterious mutations elsewhere
from obscuring beneficial mutations on the target. Enhanced muta-
genesis speeds up evolution from decades to hours.

The ideal in vivo mutagenesis tool would (i) target a region no
less than a gene and show low off-target mutagenesis, (ii) have a
high mutation rate that can be turned on and off and include all
types of nucleotide substitutions, and (iii) be easy to use and not limit
the type of trait that can be evolved. Previous in vivo mutagenesis
tools lack one or more of these features (table S1). Some of these
tools repurpose complex natural systems (3-12), whose intrinsic
complexity limits functions of the tools. The requirement of cou-
pling the target function to the expression of phage protein (7) limits
the traits that can be evolved, and the inability to switch mutagenesis
on/off (4, 6, 7, 9) complicates identification of beneficial mutations.
Other tools are simple fusions between a targeting protein (RNA
polymerase or Cas9) and a mutagenesis protein (cytosine deaminase
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or error-prone DNA polymerase) (13-15). Limitations of these tools
are either a narrow mutagenesis region of several dozen base pairs
(13, 14) and/or creation of only 1 of the 12 possible types of muta-
tions (C to U) (14, 15). Therefore, no tools currently satisfy all three
requirements.

Here, we report targeted in vivo mutagenesis using a three-
protein complex of a viral nickase, bacterial Rep helicase, and an
error-prone DNA polymerase to copy one strand of a target plasmid
with errors. This targeted artificial DNA replisome (TADR) fulfills
the three requirements of targeting, mutagenesis, and trait flexibil-
ity defined above. It minimizes interference with natural cellular
processes by its simplicity but is complex enough to target a plasmid
carrying full-length genes of interest with the full spectrum of
mutations.

RESULTS

Designing areplisome inlive cells to accelerate

protein evolution

Most mutations originate from errors during copying of DNA by a
multiprotein complex known as the DNA replisome. In the bacteri-
um Escherichia coli, this protein complex consists of 18 components
(16), but that of bacteriophage PhiX174 uses only 3 components
(17): phage protein CisA, bacterial Rep helicase, and bacterial DNA
polymerase III. CisA initiates the copying of bacteriophage DNA by
binding to a 30-base pair (bp) initiation sequence, nicking one
DNA strand, and recruiting Rep helicase of host cell (18). The heli-
case unwinds the double-stranded DNA from the nick site. Bacterial
DNA polymerase III diffuses to the nick site and adds nucleotides to
the free hydroxyl group to synthesize a new strand. This minimal
bacteriophage replisome provides the starting point for the design
of an artificial replisome with an enhanced mutation rate targeted to
a plasmid.

We hypothesized that fusing an error-prone DNA polymerase to Rep
helicase would create an error-prone DNA replisome (Fig. 1, A and B).
The close proximity of the error-prone DNA polymerase would favor
its use in the replisome complex, resulting in a high mutation rate
(Fig. 1G; detailed discussions in Materials and Methods, “Biophysical
rationale of building an artificial replisome”). This error-generating
replisome required nontrivial coordination between the two molecular
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Fig. 1. A targeted error-prone artificial DNA replisome. (A) The two components
of TADR, cisA targeted nickase from phage PhiX174 and the fusion of T5 DNA poly-
merase from phage T5 and Rep helicase from bacterium E. coli, are expressed from
chromosome and helper plasmid, respectively. A mutant Rep helicase is used
with deletion of 33 C-terminal amino acid residues. The two parallel bars denote
double-stranded DNA; purple oval, CisA protein; orange wedge, Rep helicase
domain of the fusion protein; red circle, DNA polymerase domain; green line,
linker. Promoters are indicated with arrows and the names. The chromosomal rep
of the host cell was knocked out. (B) Proposed steps of in vivo targeted mutagenesis
by an artificial replisome. See details in the text. Color coding is as per (A). Black,
gray, and cyan blocks indicate the initiation sequence, the termination sequence,
and the gene(s) of interest, respectively. Dashes mark nascent DNA, and the bulge
marks the mutation introduced from synthesis. (C) Proposed arrangement of
proteins in the artificial replisome. The proposed location of the CisA protein
(purple) relative to the ribbon diagram of the x-ray structure of Rep helicase (PDB:
1AUU) is based on a structure of a homologous protein complex (45). The DNA
polymerase (red circle) is fused via a linker (green curve) to the N terminus of
Rep helicase. Arrow indicates direction of the replisome translocating on DNA.
(D) External force has little effect on the speed of DNA unwinding by Rep helicase
(orange) but slows T7 phage DNA polymerase (red). Experimental data were re-
trieved from (79, 20) and fitted by a linear and an exponential model, respectively.
Dashed line indicates the intersection of the two speed profiles, marking the force
required for both enzymes to act at the same speed.

motors of helicase and DNA polymerase (Fig. 1D and fig. S1). f DNA
polymerase is slower than Rep helicase, the unwound single-strand
DNA will build up between the two motors, promoting destruction
by nucleases abundant in the cell and thus causing collapse of the
replisome. If DNA polymerase is faster than Rep helicase, a collision
between them might dislodge the helicase. Single-molecule studies
showed that both motors tolerated collisions: Rep helicase main-
tained a nearly constant speed when subjected to external forces
(19), while T7 DNA polymerase slowed down (Fig. 1D) (20). The
speeds intersected predicting that applying an external force on T7
DNA polymerase could slow it down so that both motors act at the
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same speed. As Rep helicase unwinds the DNA, the faster T7 DNA
polymerase bumps into it. This bumping creates an external force
that does not affect Rep helicase, but slows down T7 DNA poly-
merase, leading to the coordinated action of both.

Our initial attempt of building TADR with T7 DNA polymerase
failed because the active site was too close to the linker site at the
C terminus (details in Supplementary Text, “Choice of DNA poly-
merase”). We chose T5 as the replacement over the previously used
E. coli DNA polymerase I (3, 13). T5 is a fast polymerase like T7
(21), while the alternative E. coli DNA polymerase I is slower than
Rep (20), and thus not expected to form a stable replisome accord-
ing to Fig. 1D. The active site of T5 polymerase lies farther from the
C terminus than in T7 polymerase (table S5) (21), suggesting that
the fusion protein would maintain polymerase activity.

A flexible 81-amino acid linker connected the N terminus of
Rep helicase to the C terminus of T5 DNA polymerase (Fig. 1A and
fig. S2B). This DNA polymerase carried three amino acid substitu-
tions (D164A, E166A, and A593R) to increase its error rate. Substi-
tution of these residues increased the error rate in homologous
polymerases (table S2) (3, 22).

We further hypothesized that the enhanced mutagenesis might
be restricted to the gene(s) of interest by adding the initiation and
termination sequences for CisA before and after the gene(s) of
interest, respectively (23), but experiments below indicate that
enhanced mutagenesis occurred on the entire target plasmid and
read-through occurred with high frequency. Copying a template
DNA strand creates a new DNA strand annealed to the template
strand, while the nontemplate strand is unbound as a flap (Fig. 1B).
This flap is naturally excised (24), and the resulting nick ligated
(25). If an error-prone polymerase carries out the copying, then the
copied DNA likely contains a mutation. This copying process re-
peats to introduce additional mutations. As will be detailed later,
targeting was highly selective for the plasmid over the chromosome
but targeting was poorly selective within the target plasmid.

Three DNA elements were added to E. coli to create a targeted
error-prone artificial replisome: a constitutively expressed, chro-
mosomal CisA gene, a target plasmid, and a helper plasmid (Fig. 1,
A and B). The target plasmid contained the gene(s) of interest be-
tween the CisA initiation and termination sequences. To quantify
the increase in mutagenesis, we used a gene encoding kanamycin
resistance protein [aminoglycoside phosphotransferase (3’)-IIIa].
This gene, named kanR*, carried a single-nucleotide substitution
(A785C), which encodes an E262A amino acid substitution that in-
activates the kanamycin resistance (26). Mutations that reversed
this substitution would restore gene function, allowing the cells to
grow in the presence of kanamycin. Frequency of resistant colony-
forming unit (CFU) per cell plated revealed the mutagenic capacity.
The helper plasmid contained a gene encoding the fusion of the
error-prone T5 DNA polymerase to Rep helicase under the control
of a T7 promoter. (The host cell also contained a chromosomal gene to
express the T7 RNA polymerase and a deletion of the chromosomal
Rep gene to eliminate potential competition with the fusion protein.)

Individual components of TADR are functional in vivo

In vivo activity of CisA was measured by its ability to nick DNA at
the CisA initiation site. Bacteria containing constitutively expressed,
chromosomal CisA gene and target plasmid carrying kanR* (but no
helper plasmid) were propagated for multiple generations. The target
plasmid was extracted and separated by gel electrophoresis into the
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supercoiled, linear, and nicked forms (Fig. 2A). Substantial nicking
of the target plasmid occurred when both CisA and its initiation
sequence were present, consistent with CisA protein being active.
When either CisA protein or its initiation sequence was absent, less
nicking occurred. The small amount of untargeted nicking is likely
nonspecific hydrolysis during the alkaline lysis step of the plasmid
extraction (27).

The Rep helicase activity of the T5 DNA polymerase-Rep fusion
was measured by its ability to alleviate growth retardation caused by
nalidixic acid in a strain lacking endogenous Rep helicase (28). Bac-
teria normally tolerate low levels of nalidixic acid, but those lacking
endogenous Rep helicase grow more slowly because nalidixic acid
inhibits DNA gyrase and topoisomerase. Introducing a helper plasmid,
which added expression of the fusion protein, into rep- bacteria par-
tially alleviated the nalidixic acid inhibition of growth (Fig. 2B and
fig. S3), which confirmed that the fusion protein maintained Rep
helicase activity.

The DNA polymerase activity of the fusion protein was mea-
sured by its capacity to mutate kanR* and restore kanamycin resist-
ance. The bacteria contained all three elements of the targeted
error-prone artificial replisome: a constitutively expressed, chro-
mosomal CisA gene; the target plasmid carrying the kanR* gene
flanked by the initiation and termination sequences; and the helper
plasmid expressing the fusion protein. These cells were picked from
a transformation plate, propagated in liquid for 10 generations to
accumulate mutations, and then plated onto kanamycin-containing
medium for selection. Figure 2C shows that the treatment (third
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Fig. 2. Testing in vivo functionality of TADR components. (A) CisA nicking of the
target plasmid. Picture of gel electrophoresis is shown in the bottom with different
species of plasmid marked. Quantification of the nicked fraction by image analysis
is shown on the top. Star indicates statistical significance with o of 0.05, Student’s
t test, and n =3 independently prepared and measured biological replicates.
N.S., not significant. Error bars, SD. (B) Rep fused to DNA polymerase to alleviate
sensitivity of rep- cells to nalidixic acid. Picture of colony growth of serially diluted
cultures is shown (dilution factor of 10, starting from no dilution). Colony growths
of 10-fold dilution (second row from the top) were quantified by brightness. An ex-
panded picture with three replicates is shown in fig. S3. Medium: LB supplemented
with nalidixic acid (2.5 ug/ml). Statistics is as per (A). Error bar, SD. (C) Mutagenesis
on the target plasmid. After overnight liquid growth of cells to full density, during
which mutations also accumulated, cultures from each sample were plated on LB
supplemented with kanamycin (30 ug/ml). Colonies were counted after 16 hours of
incubation. The frequency of kanamycin-resistant colonies per cell plated is reported.
Statistics is as per (A) except n =5 independently prepared and measured biological
replicates. Error bar, SD.
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column, gray dots) increased 128-fold than the control with wild-
type T5 DNA polymerase (first column, gray dots) in the frequency
of kanamycin-resistant colonies and 4.2-fold than the control whose
target plasmid was without initiation sequence (second column, gray
dots). These results demonstrated qualitatively that the fusion protein
provided error-prone DNA polymerase activity, which was able to
distinguish nontarget from target as marked by initiation sequence.
Nevertheless, the performance characteristics of the tool, i. e., on-target
mutagenic activity and selectivity (on- over off-target mutagenic
activity), needed to be optimized for applications in in vivo targeted

mutagenesis (Table 1).

Self-evolution of TADR for increase in mutation rate
To optimize performance of TADR and as a proof-of-concept ex-
periment, the error-prone T5 DNA polymerase was subjected to

Table 1. Determinants of mutation rate and targeting selectivity of
TADR, and their corresponding strategies for optimization. The
measured effects from applying these strategies are also given. N/A, not
applicable. CisA has evolved in nature to bind initiation sequence tightly

with high specificity.
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Effects (fold
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*Off-target mutation rate used to calculate selectivity was measured by
spontaneous rifampicin (89) or streptomycin (45) resistance.
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self-evolution, which increased the mutation rate 3.2-fold [Fig. 3A;
analysis of variance (ANOVA), o = 0.05, P = 0.033, n = 5]. To mu-
tagenize the gene encoding T5 DNA polymerase, initiation and ter-
mination sequences were inserted on helper plasmid to flank the
polymerase portion of the fusion gene. The termination sequence
was in-frame to maintain protein expression of the fusion protein.
TADR cells with only this helper plasmid but no target plasmid
were cultured for the T5 DNA polymerase to mutate its own gene.
Target plasmid with kanR* was then introduced by transformation
for selection. To select for increased mutation rate, we reduced the
incubation time before selection for kanamycin resistance (Materials
and Methods, fig. S4). This approach identified a variant DNA
polymerase, which, in separate experiments, increased the number
of kanamycin-resistant CFU 3.2-fold (Fig. 3A). This polymerase
variant carried a single I308V substitution (Fig. 3B, blue residue).
This substitution is unlikely to change the accuracy of the poly-
merase, but may stabilize it or increase its expression, thereby in-
creasing the error frequency. This substitution lies in the exonuclease
(proofreading) domain, which is already inactivated by two sub-
stitutions (D164A and E166A; Fig. 3A, pink residues) (22), and also
lies outside the catalytic pocket (8.8 A from D164), so it is unlikely
to affect catalytic activity. The change in shape of the hydrophobic
side chain from isoleucine to valine may alter the protein stability
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Fig. 3. Development and characterization of TADR. (A) Mutagenic capacity of
TADR with different versions of the helper plasmid. The conditions were as per
Fig. 2C. RepAC33 was used. Star indicates statistical significance with a of 0.05,
Student’s t test, and n=5 or 6 independently prepared and measured biological
replicates. Error bar, SD. (B) Structure of T5 DNA polymerase was modeled using
Robetta server (46). The evolved 1308V was blue, and mutations in the ancestor were
magenta. (C) Performance of TADR was measured by its fold change in on- and
off-target mutations over non-TADR. Non-TADR: Wild-type E. coli with the target
plasmid carrying kanR*. TADR: TADR cells with the same target plasmid and the
helper plasmid carrying RepAC33, 1308V, and modified 5’ UTR. The on-target fold
change was measured using kanamycin-resistant colonies; the off-target fold change
was measured using streptomycin- and rifampicin-resistant colonies separately. Sta-
tistics is as per (A) except n=6 independently prepared and measured biological
replicates. Error bar, SD. N.S., not significant. Dashed line indicates the level of non-
TADR. (D) Mutational density across the whole target plasmid. The red fragment indi-
cates the gene(s) of interest; orange, origin of plasmid replication; black ball, initiation
sequence; gray ball, termination sequence; arrow, promoter. Black curve depicts the
average mutational density of three biological replicas; gray curves, SD. (E) Mutational
spectrum of TADR (n = 3 independently prepared and measured biological replicates;
error bar, SD) and other error-prone DNA polymerases.
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or increase protein expression, thereby increasing the observed
error frequency.

Maximizing on-target and minimizing off-target mutagenesis
A stem-loop was designed into 5" untranslated region (5" UTR)
upstream the gene encoding the fusion protein and increased the
mutation rate 150-fold (Fig. 3A), likely by increasing the amount
of fusion protein, whose expression level was calculated to increase
37-fold (table S3).

Because TADR uses Rep helicase from E. coli, it may cause off-
target mutations in the chromosome, where Rep helicase normally
participates in DNA replication (29). Consistent with this expecta-
tion, removal of the initiation sequence for CisA decreased muta-
genesis only 4.2-fold (Fig. 2C). To improve the targeting, we deleted
the 33 C-terminal amino acids of Rep helicase in the fusion protein.
These amino acids bind Rep helicase to the innate replisome (30).
The fusion containing RepAC33 showed a 16-fold increase in selec-
tivity. Removal of the initiation sequence now decreased muta-
genesis 67-fold (Fig. 2C, red dots, third over second column).

To further increase selectivity, we reasoned that the error-prone
T5 DNA polymerase in the fusion protein, even with RepAC33,
could bump into innate replisomes by random diffusion and thus
mutating the chromosome. So far, the experiments were all con-
ducted in rich medium [Luigi-Bertani (LB) broth], where a single cell
contains multiple copies of the chromosome, which replicated con-
tinuously throughout the cell cycle (31). The resulting many copies
of innate replisomes provide sites where the error-prone T5 DNA
polymerase could mutate the chromosome. We hypothesized that
reducing the number of innate replisomes would suppress off-target
mutagenesis. One method is growing cells in minimal medium, where
each cell has only one copy of the chromosome and where chromo-
somal replication occurs in only a fraction of the cell cycle (32). The
lowered number of innate replisomes would minimize their expo-
sure to the error-prone T5 DNA polymerase.

Cells of the previous control to measure nontargeted mutagenesis
(Fig. 2C, second column), whose target plasmid was without initiation
sequence, failed to grow in minimal medium, while those of the treat-
ment, with initiation sequence, grew normally. A similar pattern was
seen in LB and discussed in detail in Supplementary Text, “Toxicity
of the target plasmid without initiation sequence.” In consequence,
a new control was needed to measure off-target mutagenesis.

Spontaneous resistance to rifampicin and streptomycin is an
established trait to allow measurement of mutation rate on chro-
mosome (13, 33). Because chromosomal and plasmid-borne traits
differ in type and in the number of copies, mutation rate of a muta-
genic system as measured by resistance to an antibiotic was normal-
ized to that of its nonmutagenic counterpart as done previously by
Camps et al. (3). The resulting fold change adjusts for the different
genetic underpinnings of resistance to different markers and thus
provides a proxy for universal mutation rate (3).

Figure 3C shows that the engineered and evolved TADR, when
induced in minimal medium for mutagenesis, had high activity and
selectivity for mutations on target plasmid. The on-target mutagenesis
of TADR increased 2.37 x 10°~fold compared to that of non-TADR
baseline. The off-target mutagenesis increased slightly: 39.7- and
77.5-fold for rifampicin and streptomycin resistance, respectively,
corresponding to selectivities of 5970- and 3060-fold (obtained by
dividing 2.37 x 10° by 39.7 and 77.5). The agreement between the in-
creases in off-target mutagenesis measured by different antibiotics
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(ANOVA, n =6, P =0.16) confirms that the normalization method
allows comparison of mutation rate of different traits on plasmid
versus on chromosome.

To test if the mutagenic activity could be suppressed, glucose was
added to minimal medium in which TADR cells were grown—glucose
suppresses transcription from the promoters for cisA and the fusion
protein by catabolite repression. The mutagenic activity was lowered
by 112-fold with the presence of glucose than without (fig. S5).

NGS confirms the designed mechanisms for high
performance of TADR

Next-generation sequencing (NGS) revealed increased mutagenesis
throughout the plasmid with two hotspots. (Figure 3D shows muta-
tional density defined as the number of mutations normalized to the
total mutations of the sample per 200-bp window across the entire
plasmid; a total of 264 point mutations were called in the three sam-
ples; see details in Materials and Methods and figs. S6 and S7.) Both
hotspots coincide with sites of transcription initiation or termina-
tion and can be explained by molecular collision-induced hyper-
mutagenesis (see Supplementary Text, “NGS identifies mutational
hotspots explicable by molecular collision”).

The two hotspots together only account for 11.5% of the target
plasmid. We now focus on the remaining 88.5%. The region defined
by the flanking initiation and termination sequences [the gene(s) of
interest] had 1.75-fold higher mutations per base pair (ANOVA,
n =3, P=0.01) than the plasmid backbone. Hence, TADR replisome
reads through the termination sequence 57% of the time. Within
the region from initiation to termination sequences, mutational den-
sity did not decline as tested by linear regression across this region
of 1596 bp (bin size, 100 bp; P = 0.77). This high processivity and
the targeting—although with substantial read-throughs and a selec-
tivity of 1.75—are expected from the design in Fig. 1. The high
mutation rate throughout the plasmid demonstrates the ability to
mutagenize multiple genes simultaneously.

The mutational spectrum of TADR is similar to those of Taq
DNA polymerase and commercial error-prone DNA polymerase
widely used for directed evolution (mutazyme I, Agilent Technologies)
with a bias for transitions of G to A and C to T (Fig. 3E). The ratio
of transitions over transversions did not differ between the muta-
tional hotspots and the rest of the plasmid (ANOVA, n =3, P=0.35).
Overall, NGS confirmed that the designed replisome copied one
strand of target plasmid with error, yielding a mutational spectrum
similar to model error-prone DNA polymerases.

TADR evolves new molecular functions with large
mutational step size

We evolved a tetracycline efflux pump [encoded by tetA(C)] to con-
fer resistance to an analog, tigecycline. This tetracycline derivative,
used as a last resort antibiotic, contains a large substituent that hin-
ders the evolution of resistance (fig. S8) (34). TADR cells carrying
both helper plasmid and a target plasmid containing the tetA(C)
gene were grown in liquid culture to accumulate mutations and then
selected by plating on tigecycline-supplemented medium. After two
rounds of mutagenesis selection, the growth rate in tigecycline (8 ng/ul)
increased up to 16-fold compared to the ancestor (wild-type pump)
(ANOVA, 0.=0.05, n = 5, P < 0.005). All five mutants isolated with
increased resistance to tigecycline maintained or increased their
resistance to tetracycline (Fig. 4A; details in fig. S9). For example,
mutant 1-1 increased resistance to both tetracycline and tigecycline
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Fig. 4. Evolutionary innovation by TADR: Optimizing an efflux pump with
expanded substrate repertoire and reduced cellular toxicity. (A) Trajectories of
phenotypic adaptation. TADR with RepAC33, 5’ UTR-modified, and 1308V was used.
Starting from the ancestor, three parallel populations were subjected to the first
round of mutagenesis selection on LB supplemented with tigecycline (4 ng/ul).
One big colony was selected from each population and numbered 1, 2, and 3.
Number 1 gave bigger colonies than the other two and thus was used as the ancestor
for a second round of mutagenesis selection on LB supplemented with tigecycline
(8 ng/pl). One big colony was selected from each of two populations and numbered
1-1 and 1-2. The efflux pump gene from five isolates was each PCR-amplified and
reintroduced to the unevolved backbone of target plasmid. This treatment purged
the potential complicating effect of adaptive mutations that occurred off-target
during evolution. The reconstructed evolved target plasmids, along with the ancestor,
were transformed into cells, and growth rates in no antibiotic, tetracycline (8 ng/pl),
and tigecycline (8 ng/ul) were measured. Each dot was an average of five inde-
pendently prepared and measured biological replicates; error bar, SE. (B) Structure
of the efflux pump was modeled using Phyre2 server (47) with the intensive mode.
Residues mutated during evolution were marked blue.

as compared to the ancestor. This ability to resist both antibiotics
indicates that expanding the function of the tetracycline efflux
pump did not require a trade-off between resistance to tetracycline
and to tigecycline.

Amino acid substitutions in the efflux pump occurred at the
opening of the channel that directly contacted substrates and in
peripheral locations that did not (Fig. 4B, blue residues; mutant
genotypes in table S4). The first round of selection yielded double-
substitution variants from all three parallel populations. Mutants 1
to 3 all contained the I235F substitution at the opening of the channel,
as well as another substitution, which differed between the three.
Previous experiments showed that 1235F confers tigecycline resist-
ance (34), but mutant 1 had resistance more than 1.8-fold those of
mutants 2 and 3. Hence, the second substitution of S312F in mutant 1
conferred further resistance to tigecycline in addition to I235F. Hence,
TADR was able to identify beneficial mutations of more than a single
substitution in one round. This large step size of exploring the
sequence space enables overcoming fitness valleys, where the indi-
vidual substitutions are not beneficial but their combination is (35).
The best mutant (Fig. 4A, mutant 1-1) not only evolved the highest
level of resistance to tigecycline and increased resistance to tetracy-
cline but also unexpectedly grew 6.2% faster than the wild type in the
absence of any antibiotic (ANOVA, n =5, o = 0.05, P = 0.023). These
results suggested that the wild-type efflux pump was far from optimal-
ity. TADR achieved evolutionary innovation by expanding the sub-
strate repertoire while reducing cellular toxicity of an efflux pump.

To specifically test for the ability to simultaneously introduce
two substitutions, we designed a double reversion assay, where the
target plasmid carries the gene for chloramphenicol resistance with
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two stop codons in the middle of the open reading frame. Emer-
gence of chloramphenicol resistance requires simultaneous muta-
tion of both stop codons to compatible amino acids. This double
substitution requires finding one in hundreds of thousand possible
double substitution variants. Chloramphenicol-resistant colonies
emerged from a single cycle of mutagenesis selection, and Sanger
sequencing confirmed that the two synthetic stop codons were both
mutated to amino acid—encoding codons (fig. S10). Hence, TADR
was able to identify beneficial mutations of more than a single sub-
stitution in one round. This large step size of exploring the sequence
space enables overcoming fitness valleys, where the individual sub-
stitutions are not beneficial but their combination is (35).

DISCUSSION

Our results first confirmed the design of a TADR in the activities of
its individual components and then demonstrated high performance
after optimization (Table 1): TADR directed high mutagenesis to
target plasmid to find specific single or double mutations of a gene
while avoiding mutagenesis on the chromosome.

The TADR is complex enough to meet varied requirements of
functionality. TADR replicated DNA processively as designed based
on biophysical principles, thus the large target window, and was
directed by the specific interaction between CisA and a 30-bp initi-
ation sequence, thus the selectivity. This interaction alone was not
enough for high selectivity because only 4.2-fold fewer mutations
occurred without the initiation sequence. Improvements by adding
genetic (using the RepAC33 mutant) and physiological (inducing
mutations in minimal medium) changes resulted in high selectivity
between plasmid and chromosome.

TADR is simple enough to be modular. One feature of this mod-
ularity is that TADR can be almost shut off (lowered by 112-fold),
while the cell and the target plasmid continue propagating (fig. S5).
The advantage is simpler isolation of the beneficial genetic construct.
After a signal is detected in screening, the mutant virus or plasmid
needs to be amplified in the host cell and purified to obtain the
genetic construct. Amplification requires dozens of generations.
If additional mutations occur during this amplification, they can
confound the result. Tools that rely on virus-cell interaction or
plasmid propagation cannot be turned off. An early system of
in vivo evolution is similar to TADR (3) in that both rely on target-
ing error-prone DNA polymerase to a plasmid. But the early system
is not modular: While its DNA polymerase (polA from E. coli)
synthesizes ColE1 plasmid with error, this enzyme also participates
in chromosomal replication. As a result, the selectivity of this
system is 15.3-fold lower than that of TADR (390 versus 5970; the
off-target mutation rate used to calculate selectivity was measured
with rifampicin resistance in both systems).

Two other potential benefits of modularity are the ability to
move TADR into other cell types and even cell-free systems. TADR
is likely to work in yeast and mammalian cells because it does not
depend on specific processes within the E. coli cell. CisA-mediated
phage replication was reconstituted in cell-free systems (17), sug-
gesting that TADR may also work outside cells.

The ability to identify, in a single round, beneficial double
mutants makes TADR superior to error-prone PCR (which rarely
report these mutants) in producing genetic diversity. But this supe-
riority relies on the screening with life-and-death selection. Without
this efficient screening, error-prone PCR might still be better for
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experiments where mutant proteins need to be characterized indi-
vidually. This is because TADR currently does not guarantee that
every colony it generates before screening carries a mutation on the
gene of interest. Further increasing mutation rate of TADR can
make it superior to error-prone PCR in any circumstances.

TADR could be further optimized. Despite good selectivity
between plasmid and chromosome mutagenesis (Fig. 3C), TADR
shows poor selectivity within the plasmid (Fig. 3D). The plasmid
does not contain other genes that could contribute to adaptation, so
these mutations have no major effect. One minor effect is slowing
down the evolution of the gene(s) of interest because deleterious
mutations outside the gene(s) of interest obscure beneficial muta-
tions within. As mutational density of these two regions have the
same order of magnitude, this slow down should not prevent evolu-
tion. On the positive side, this low selectivity demonstrates that
mutation of multiple genes forming a biosynthetic pathway will
likely be possible. The reason for the low selectivity is low termi-
nation efficiency (43%). In the future, adding additional copies
of the termination sequence is likely to improve termination effi-
ciency, reducing mutations outside the gene(s) of interest, as this
strategy has been successfully applied before (15). The fusion
protein and CisA are currently expressed from helper plasmid
and chromosome, respectively. Expressing them from the same
locus in chromosome will increase genetic stability of TADR (by
eliminating helper plasmid). Alternatively, expressing them in the
same plasmid will provide convenience for installment in other
bacterial strains.

MATERIALS AND METHODS

Strains and materials

TADR was implemented in wild-type E. coli K12 strain MG1655
from the Coli Genetic Stock Center at Yale. The MM294 derivative
of this strain from the same center was used for the construction
and propagation of plasmids. The CisA gene was PCR-amplified
from PhiX174 RF1 DNA (Thermo Fisher Scientific). Bacteria were
grown in liquid LB broth (10 g of NaCl,, 10 g of tryptone, and 5 g
of yeast extract per liter; Fisher BioReagents) or its agar plates (15 g
of agar per liter; Fisher BioReagents). Cells were recovered from
electroporation in super optimal broth with catabolite repression (SOC
medium) (20 g of tryptone, 5 g of yeast extract, 4.8 g of MgSOy, 3.603 g of
dextrose, 0.5 g of NaCl, and 0.186 g of KCl per liter; MP Biomedicals).
Self-evolution of TADR experiment and characterization of the opti-
mized TADR were carried out in minimal medium [1 g of (NH4),SO4,
7 g of K,HPOy, 2 g of KH,PO4, 0.1 g of MgSOy, 0.5 g of sodium
citrate, 4 g of glycerol, 2 g of yeast synthetic dropout medium sup-
plements (Sigma) per liter]. Antibiotics were added accordingly: kana-
mycin (30 ng/ul; Fisher Scientific), ampicillin (50 ng/ul; IBI Scientific),
chloramphenicol (15 ng/ul; Sigma), nalidixic acid (2.5 ng/ul; Fisher
Biotech), tetracycline (8 ng/ul; Fisher Scientific), and tigecycline (4 or
8 ng/ul; Neta Scientific). Phire Hot Start I DNA Polymerase (Thermo
Fisher Scientific) was used for PCRs; QIAprep Spin Miniprep Kit
(Qiagen) was used for purifying plasmid; GeneJET Gel Extraction Kit
(Thermo Fisher Scientific) was used for purifying PCR products;
FastDigest Bsal restriction enzyme (Thermo Fisher Scientific) was
used for digesting DNA; Rapid DNA Ligation Kit (both from Thermo
Fisher Scientific) was used for ligation; and GeneJET Gel Extraction
Kit and DNA Cleanup Micro Kit were used for purifying ligation
products for electroporation.
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Biophysical rationale of building an artificial replisome

The artificial replisome must simultaneously unwind DNA and copy
the exposed strand to prevent degradation of the exposed single-
stranded DNA, which causes genetic instability. In addition, DNA
synthesis must avoid premature termination before reaching the
termination sequence. Connecting Rep helicase and T5 DNA poly-
merase with a flexible linker increases the local effective concentra-
tions to an estimated 0.2 to 0.6 mM (36) to achieve both of these
goals. The CisA protein recruits Rep helicase and binds and stabilizes
it. Rep helicase unwinds DNA at 144 bp/s (19), so DNA synthesis
must initiate at least that fast to proceed simultaneously. The bimo-
lecular association rate constant of T7 DNA polymerase (ko) for
primed DNA substrate is 3.6 x 10" M ! s71 (37), and we assume that
T5 DNA polymerase associates at a similar rate. If the local effective
concentration of polymerase is 0.2 to 0.6 mM, then the rate of asso-
ciation is 7200 to 22,000 s, which far exceeds the rate of unwinding.
Subsequent DNA synthesis by T5 DNA polymerase starts without a
pause (38) and is faster than unwinding by Rep helicase (19). Faster
polymerase would bump into the slower helicase, but single-molecule
studies show that both proteins tolerate mechanical forces without
being displaced (Fig. 1D and fig. S1) (19, 20). The previous linking
of similar polymerase to a slower helicase allowed them to proceed
simultaneously along the DNA. To ensure that the linker does not
hinder T5 DNA polymerase, we used an intrinsically disordered
peptide linker, human a-synuclein, which allows diffusion of two
proteins along the linker at a rate comparable to the diffusion of free
proteins (39).

The increased effective concentration of the polymerase also
promotes its rebinding to the DNA when it occasionally dissociates.
An enhanced mutagenesis construct that relied on free polymerase
copied only short stretches of DNA (13). The linking of polymerase
to helicase promotes rebinding and resumption of DNA synthesis,
thereby maintaining high processivity and permitting a wide win-
dow for enhanced mutagenesis. These properties were confirmed
by NGS characterization of target plasmids mutagenized by TADR
(Fig. 3D).

Construction of TADR

The host cells for TADR were a modified strain of E. coli strain
MG1655, where the chromosomal araB gene was replaced with the
gene for T7 RNA polymerase and the chromosomal lacZ gene was
replaced with the gene for CisA. The gene for T7 RNA polymerase
was PCR-amplified from E. coli strain BL21(DE3) (Coli Genetic
Stock Center at Yale). One kilobase of DNA was PCR-amplified
from each of upstream and downstream araB gene in the chromo-
some of E. coli strain MG1655. These three PCR products were
integrated into a single fragment using the technique of fusion PCR
(40). This fragment served as a template to replace the chromo-
somal araB gene of the strain MG1655 with the gene for T7 RNA
transcriptase using the technique of lambda red recombineering
(41). In this strain, the gene for T7 RNA transcriptase was under the
native pBAD promoter, and the gene for the fusion protein carried
on plasmid could be expressed using T7 promoter with high expres-
sion level and stringent repression (by adding 0.2% glucose to
medium). In the same manner, the lacZ gene of this strain was re-
placed with the gene for CisA. Chromosomal rep gene was knocked
out using P1 transduction from a Keio collection null mutant strain,
and the marker was cured (42). The resulting strain provided host
cells for TADR.
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The helper plasmid expresses the linked Rep helicase and T5
DNA polymerase under the control of T7 promoter. The gene for
T5 DNA polymerase was PCR-amplified from T5 phage lysate, the
gene for Rep helicase was PCR-amplified from the genomic DNA of
strain MG1655, and a DNA fragment encoding a linker—a 20-amino
acid glycine-rich peptide concatenated to an intrinsically disor-
dered peptide from human a-synuclein (61 amino acids, codon-
optimized for E. coli) (fig. S2B)—was chemically synthesized using
the gBlock service of Integrated DNA Technologies. These three
fragments were fused using fusion PCR into a gene that encodes a
single polypeptide with T5 DNA polymerase and Rep helicase fused
through the linker. This fragment was then inserted into a plasmid
derived from pKD46 (Coli Genetic Stock Center at Yale, #7669)
with an ampicillin resistance marker in the backbone using stan-
dard technique of molecular cloning (43). The original pKD46 did
not grow at 37°C, and a mutant was selected from growth at this
temperature and used in this study. The fused gene was expressed
under T7 promoter. Several versions of this plasmid were made:
one carried a gene for wild-type T5 DNA polymerase and the other
carried an error-prone version with three point mutations. Also, the
helper plasmids with RepAC33 and 5 UTR-modified were using
the same method.

To construct the target plasmid, fusion PCR was used to make
an operon where the constitutive Tac promoter expressed the kanR*
gene together with the gene for green fluorescent protein. The two
genes were flanked by an upstream initiation sequence and a down-
stream termination sequence. The operon was inserted into plasmid
pACYC184 (Addgene, #37033) with a chloramphenicol resistance
marker in the backbone. Another version of this plasmid was also
made that did not carry the initiation sequence.

To construct the target plasmid for evolution in tigecycline, the
tetA(C) gene encoding the tetracycline efflux pump was PCR-amplified
from plasmid pBR322 (New England Biolabs) and inserted into the
target plasmid just described, replacing the gene for green fluorescent
protein. The full system of TADR is schematically shown in fig. S2A.

Nicking of target plasmid by CisA

Three transformations were carried out as shown in Fig. 2A: the
intact target plasmid into cells without the chromosomal gene for
CisA, the target plasmid without initiation and termination se-
quences into cells with the chromosomal gene for CisA, and the
intact target plasmid into cells with the chromosomal gene for
CisA. Transformant colonies were selected on LB agar plates sup-
plemented with chloramphenicol (15 ng/pl) and inoculated to
liquid LB cultures with chloramphenicol. After overnight growth in
37°C shaken at 225 rounds per minute (the same growth conditions
from here on unless specified otherwise), 1 ml of culture was purified
and eluted to 40 pl of elution buffer, and 5 ul was used for electro-
phoresis (0.8% agarose gel, 110 V, 40 min; Bio-Rad Mini-Sub Cell
GT Systems). An image was taken using UVP BioDoc-It Imaging System
and analyzed using Image] to calculate fraction of the nicked target
plasmid with the following equation: brightness of the band for nicked
DNA (brightness of the band for nicked DNA + brightness of the
band for supercoiled DNA + brightness of the band for linear DNA).

Helicase activity of T5 DNA polymerase-Rep fusion protein

Assay of sensitivity to nalidixic acid was used (28). Three cell lines
were prepared. TADR cells modified to have intact chromosomal
rep, TADR cells (rep-), and TADR cells (rep-) transformed with
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helper plasmid (expressing the fusion protein). They were grown in
liquid LB to full density [ampicillin (50 ng/ul) was added to the last
cell line]. Sample from each culture was serially diluted with a dilution
factor of 10, and 5 pl from each dilution was spotted on LB agar plate
supplemented with nalidixic acid (2.5 ng/ul). After 16 hours of incu-
bation at 37°C, a picture of the plate was taken using imageRUNNER
ADVANCE C5250 Copier (Canon), and the background was subtracted
using Image] for enhanced visual effect.

Increased reversion rate of inactivated kanamycin

resistance gene

KanR* reversion assay was used. Three transformations were carried
out, all into the host cell for TADR, as shown in Fig. 2C: the helper
plasmid with wild-type T5 polymerase cotransformed with an intact
target plasmid; the helper plasmid with the error-prone T5 poly-
merase mutant, with the target plasmid without initiation sequence;
and the helper plasmid with the error-prone T5 polymerase mutant,
with an intact target plasmid. Transformant colonies were selected
on LB agar plates supplemented with chloramphenicol (15 ng/ul)
and ampicillin (50 ng/pl) and inoculated to aliquid LB cultures with
chloramphenicol and ampicillin. After overnight growth, 50 ul of
culture from each sample was plated on LB plates supplemented with
kanamycin (30 ng/ul). After 16 hours of incubation at 37°C, colo-
nies were counted. For experiments with more mutagenic TADR
constructs as in Fig. 3A, less volumes of culture were plated for
countable number of colonies.

Self-evolution of TADR for higher mutation rate

A schematic of the steps is shown in fig. S4. The helper plasmid was
modified so that initiation sequence was added at the 5" UTR of the
T5 DNA polymerase gene and that termination sequence was added
in the linker region as an extension of the linker without altering the
encoding frame for T5 DNA polymerase and Rep helicase. This
helper plasmid was transformed into TADR cells and plated on agar
plate of minimal medium supplemented with ampicillin (50 ng/ul).
After incubation at 37°C for 24 hours, a single colony was inoculated
to liquid minimal medium with ampicillin to allow the T5 DNA
polymerase gene to be mutagenized. After ~24 hours of growth,
cells grew to mid-log, were treated for competency, and were elec-
troporated with ~500 ng of the target plasmid with kanR* following
standard protocol (43). Right after electropulsing, SOC medium (1 ml)
was added immediately to the 50-ul slurry of competent cells. This
mix was incubated at 37°C and shaken for 5 min before plating onto
minimal medium plate supplemented with chloramphenicol (15 ng/ul),
ampicillin (50 ng/ul), and kanamycin (30 ng/ul). After incubation at
37°C for 16 hours, typically a dozen colonies showed up; a few of the
biggest colonies were inoculated into liquid LB medium supplemented
with chloramphenicol (15 ng/pl ) and ampicillin (50 ng/ul). Not all
of them grew to full density, and for those that did, plasmid mixes
(of the helper and target) were purified and transformed into a fresh
stock of the host cell for TADR and plated on LB with kanamycin
(30 ng/ul). This step checked if the kanamycin resistance was car-
ried on the target plasmid (true positive). For the plasmid mixes that
gave rise to kanamycin-resistant colonies and thus passed the check,
they were treated by FastDigest Pvull (Thermo Fisher Scientific),
which only cut the target but not the helper plasmids, and purified
using the GeneJET Gel Extraction Kit. This treatment resulted in
purified evolved helper plasmids, which were then subjected to the
procedures of kanR* reversion assay to quantify mutagenic activity.
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For the helper plasmids that showed increased mutagenic activity
compared to the ancestor, they were Sanger-sequenced (Genewiz)
in the entire region of the fused gene to identify mutations.

NGS characterization of mutant library generated by TADR
TADR cells were transformed with the target plasmid with kanR*
and the helper plasmid with RepAC33, modified 5’ UTR, and the
error-prone T5 DNA polymerase mutant 1308V (the most muta-
genic version of TADR). Colonies were selected on minimal medium
supplemented with ampicillin and chloramphenicol. Wild-type E. coli
cells (MG1655) were transformed with the target plasmid as negative
control, and colonies were selected on minimal medium supplemented
with chloramphenicol. Three colonies from each transformation were
separately grown up in minimal medium with appropriate antibiotics
to full density. Plasmids were purified. Plasmid (600 ng) from each
sample was submitted to the Microbial Genome Sequencing Center
(MiGS) in Pittsburgh for sequencing using lllumina NextSeq 550 with
paired end reads of 150 bp. Each sample was sequenced with the
coverage of 20,000 to 70,000 to capture rare variants. Galaxy plat-
form was used to process the data and map reads to the reference
sequence of the target plasmid. The raw data were trimmed to filter
out low-quality reads so that all reads had quality scores larger than 20.
VarScan (version 2.4.4) (44) package was used to call variants. None
of the variants from the three negative control samples exceeded 0.14%,
and thus, 0.14% was used as a cutoff for point mutations. The three
treatment samples contained a total of 264 point mutations above
this cutoff value. The few in-dels called in the treatment samples did
not meet the threshold for statistical significance and were discarded.
The 264 point-mutation variants were further analyzed to plot mu-
tational density across the target plasmid (Fig. 3D) and measure the
mutational spectrum (Fig. 3E).

Evolution of tetA for resistance to tigecycline

The target plasmid with the fetA(C) gene was cotransformed with
the helper plasmid carrying RepAC33, modified 5" UTR, and muta-
tion I308V into the host cell for TADR. Transformant colonies were
selected on LB agar plates with chloramphenicol (15 ng/ul) and am-
picillin (50 ng/ul) and inoculated to a liquid LB culture with chlor-
amphenicol and ampicillin. After overnight growth, 50 pl of culture
from each sample was plated on LB plates with tigecycline (4 ng/ul).
After 16 hours of incubation at 37°C, several dozen colonies typically
showed up, and the biggest a few were inoculated into liquid LB with
chloramphenicol. After overnight culture, plasmids were purified,
digested with FastDigest AfIII (Thermo Fisher Scientific), which cut
only the helper but not the target plasmids, and purified using the
Gene]ET Gel Extraction Kit. This treatment resulted in purified
evolved target plasmids. They were cotransformed with helper plas-
mid carrying modified 5 UTR and mutation 1308V into the host cell
for TADR for a second round of experimental evolution and this
time were selected on LB plates with tigecycline (8 ng/ul). The re-
sulting plasmids were purified and Sanger-sequenced.

Five evolved plasmids were selected based on their big colony size
on tigecycline plates during experimental evolution. Their tetA(C)
gene was each PCR-amplified and inserted into the backbone of the
unevolved target plasmid to purge any serendipitous off-target mu-
tations accumulated during evolution. The resulting reconstructed
evolved plasmids were transformed into TADR cells, and the growth
rates were measured in the absence of antibiotic, in tetracycline, and
in tigecycline using SpectraMax Plus 384 Microplate Reader [200-pl
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volume, optical density at 600 nm (OD 600), 37°C, shaken for 500 s
followed by 100 s still continuously, one reading every 600 s, 16 hours

in total; Molecular Devices]. The readings of OD 600 were analyzed

using JMP software (SAS): For the growth curve of each sample, the
optical density values were log-transformed, and the slope of the
linear part was calculated as the corresponding growth rate.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/29/eabg8712/DC1

View/request a protocol for this paper from Bio-protocol.
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