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ABSTRACT: Genetic recombination is central to the generation of
molecular diversity and enhancement of evolutionary fitness in living
systems. Methods such as DNA shuffling that recapitulate this diversity
mechanism in vitro are powerful tools for engineering biomolecules
with useful new functions by directed evolution. Synthetic biology now
brings demand for analogous technologies that enable the controlled
recombination of beneficial mutations in living cells. Thus, here we
create a Heritable Recombination system centered around a library
cassette plasmid that enables inducible mutagenesis via homologous
recombination and subsequent combination of beneficial mutations
through sexual reproduction in Saccharomyces cerevisiae. Using repair of
nonsense codons in auxotrophic markers as a model, Heritable
Recombination was optimized to give mutagenesis efficiencies of up to

select

6% and to allow successive repair of different markers through two cycles of sexual reproduction and recombination. Finally,
Heritable Recombination was employed to change the substrate specificity of a biosynthetic enzyme, with beneficial mutations in
three different active site loops crossed over three continuous rounds of mutation and selection to cover a total sequence
diversity of 10". Heritable Recombination, while at an early stage of development, breaks the transformation barrier to library
size and can be immediately applied to combinatorial crossing of beneficial mutations for cell engineering, adding important
features to the growing arsenal of next generation molecular biology tools for synthetic biology.
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P rogress in synthetic biology has spurred renewed interest
in techniques for in vivo mutagenesis so that cellular
components and pathways can be directly engineered in the
intracellular environment in which they must perform.'™® To
that end, recently improved E. coli mutator strains,” the co-
opting of B cells for somatic hypermutation of exogenous
genes,” recombination-mediated library mutagenesis by trans-
formation,® a phage-based system for continuous mutagenesis,”
and a Multiplex Automated Genome Engineering (MAGE)
technology have all been reported.® None of these mutagenesis
methods, however, also allows for crossing of beneficial
mutations that arise in separate cells. We sought to design a
system that would enable repeated rounds of mutagenesis and
crossing of beneficial mutations in vivo with no intermediate in
vitro manipulation of the DNA, built from classic genetic
methods for recombination and mating and sporulation in the
yeast S. cerevisiae (Figure 1).

Thus, we created Heritable Recombination, a system
centered on library cassette plasmids that allow for inducible
mutagenesis in a target gene via recombination and horizontal
dissemination of beneficial mutations through sexual repro-
duction in yeast (Figure 2a). To provide specificity for
mutagenesis of the target gene(s), the cassette is designed to
utilize homologous recombination (HR) as the mechanism for
mutagenesis. The high efficiency of HR in S. cerevisiae is well
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documented and widely exploited in both classical genetics and
genetic engineering.” ' Additionally, the cassette is designed
such that the mutagenesis can be initiated by an inducible
endonuclease that introduces a double strand break (DSB) in
the cassette plasmid.'>"* Experiments using endonucleases to
create double strand breaks in vivo for the study of HR and for
chromosome mutation suggested that induction of the DSB
would be rapid and efficient, but also that intact cassette
plasmids would be regenerated and passed on to daughter cells,
thereby allowing for repeated cycles of evolution and
straightforward tracking of beneficial mutations.'* A significant
difference between Heritable Recombination and previous HR
technologies such as Delitto Perfetto'' is that the DSB is
engineered in the mutagenic cassette rather than in the target
gene. As elaborated here, there are likely numerous advantages
to the flexibility provided by making the DSB in the cassette.
Because the cassettes are encoded on plasmids, cell populations
carrying two different cassette libraries can be subjected to
selective pressure and the winners then crossed with one
another by mating and sporulation to produce daughter cells
with a beneficial mutation from one library in the target plasmid
and a beneficial mutation from the other library in the cassette
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Figure 1. Heritable Recombination: a system for mutating DNA and crossing beneficial mutations directly in living cells. DNA mutagenesis is
effected by homologous recombination between a mutagenic cassette (plasmid “C”) and a target gene (plasmid “T”). Because the mutagenic cassette
is introduced by mating, successive rounds of mutagenesis and selection can be carried out with no intermediate isolation of the target gene.
Significantly, evolving populations can be crossed with one another to allow consolidation of beneficial mutations in an unplanned evolutionary walk
through sequence space, exploiting cycles of mating and sporulation in yeast.

plasmid. Thus, Heritable Recombination breaks the trans-
formation barrier to library size by enabling combinatorial
exploration of extremely large libraries by crossing multiple
different cassettes. Alternatively, or in addition, it can enable
virtual searches of extremely large sequence space along
different pathways by varying the content and ordering of
cassette library introduction (Figure 1).

B RESULTS AND DISCUSSION

The first step in building the Heritable Recombination system
was to effect endonuclease-inducible recombination so that
mutagenesis could be initiated by a double-stranded break
(DSB) to the cassette plasmid rather than by transformation.
While designed to be modular and to enable library
mutagenesis, the system was validated on the basis of repair
of a nonsense codon in the trpl-R78™* gene. The TRPI gene
is one of the most commonly used auxotrophic markers in yeast
and was the focus of our initial studies on oligonucleotide
mutagenesis.6 For the catalytic endonuclease, we chose the
meganuclease I-Scel (Scel), an established tool for genetic
engineering in yeast;ls’16 Scel was placed under control of the
tightly repressed, yet strongly inducible, GALI promoter.
Finally, the mutagenic cassette plasmid was designed with 30
bp of homologous sequence on either side of the wild-type
Arg78 codon and flanked on both sides by the 18-bp
recognition sequence for Scel (Figure 2b). Previous studies
have shown that 30 bp is the minimum amount of homology
needed to obtain high efficiency recombination in yeast,'” yet at
the same time, this length of DNA corresponds to 10 amino
acids and thus should allow mutagenesis of multiple regions
within a single gene. As depicted in Figure 2a, in this initial
inception, the target gene trpl-R78™4, the galactose-inducible
Scel endonuclease, and the mutagenic Arg78 cassette are each
encoded on their own plasmid.

Satisfyingly, we were able to readily optimize this initial
design to obtain the high recombination efficiencies essential
for library mutagenesis. Our definition of recombination
efficiency is the ratio of the number of colonies that grow in
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the absence, versus the presence, of tryptophan, indicating
successful repair of the trpl nonsense codon by the mutagenic
Arg78 cassette plasmid. Our initial experiments yielded growth
in only 0.12% of cells, but protocol optimization led to an
average maximum efficiency of 6 + 1% after 10 h of induction
with galactose (Figure 2c). Numerous control experiments
confirmed the requirement for all three components of our
system: no mutagenesis above background levels was observed
in strains without the endonuclease plasmid, without the
mutagenic cassette plasmid, or with a cassette plasmid that
lacked endonuclease recognition sites. Sequencing of individual
clones confirmed that the expected mutations had in fact
occurred without any other detected changes in the TRPI gene
in 24/25 of the samples analyzed (Figure 2d).

Furthermore, we were able to confirm that intact cassette
plasmids were successfully passed on to daughter cells following
induction. Plasmids were harvested from cells that displayed the
Trp* phenotype, and PCR amplification of the cassette region
produced products of the expected size (Figure 2e).
Sequencing of the PCR products showed not only that the
cassettes retained all of their essential parts but also that they
were not mutagenized, even after undergoing prolonged DSB
induction and successful mutagenesis of the target gene.
Together, these results establish that the high-copy cassette
plasmid is competent for targeted mutagenesis and further
dissemination to daughter cells, providing a simple way to track
and cross the accumulated mutations in an evolving population
of cells.'®

Addition of the sexual reproduction step was executed in a
model system in which stop codons in two different
biosynthetic genes were successively repaired with no
intermediate in vitro manipulation of the DNA. Specifically,
we first repaired a nonsense mutation in the hisA gene from
Thermotoga maritima to complement a his6~ genotype and then
repeated the process with the trpl gene to complement trpl~,
exploiting mating and sporulation in S. cerevisiae as the
mechanism of sexual reproduction (Figure 3a)."” Two cassette
plasmids were used to achieve this sequential mutagenesis: the
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Figure 2. Endonuclease-inducible mutagenesis via recombination between a cassette plasmid (C) and a target plasmid (T) in S. cerevisiae. (a)
Schematic depiction of the endonuclease-inducible recombination step of Heritable Recombination. (1) An endonuclease (E) is inducibly expressed.
(2) The endonuclease makes double-stranded breaks (DSBs) in the cassette plasmid (C), which encodes the mutation(s) (green) flanked by
homology regions (gold). (3) Induction of the DSB initiates homologous recombination between the cassette plasmid (C) and the target plasmid
(T), effectively mutating the target gene. (b) Sequence of the cassette plasmid in the vicinity of the mutation(s). The mutation(s), here the GCC
codon for the wild-type Arg78 residue in the S. cerevisiae TRPI target gene, is shown in green in the center. The mutation(s) is flanked on either side
by 30 bp of homology (gold) to the target gene. The homology regions are both followed by the 18-bp meganuclease I-Scel recognition site (blue);
the cleavage sites are indicated by black lines. (c) Mutagenesis efficiencies based on repair of a nonsense codon in S. cerevisiae trpl-R78™4. S.
cerevisiae bearing the appropriate endonuclease plasmid, cassette plasmid, and target plasmid were preinduced in lactate media for 3 h before transfer
to galactose induction (Gal) or glucose control (Glu) media. Cells were incubated in the respective media for the time indicated and then transferred
to pairs of plates differing only by the presence or absence of tryptophan. Efficiency is calculated as the percentage of colonies growing on Trp~
plates relative to the number of colonies growing on Trp* plates. Experiments were carried out in triplicate, and error bars represent one standard
deviation from the mean. (d) Sequence alignment of wild-type TRP1, R78™4 nonsense mutant, and 10 isolates after recombination-mediated
mutagenesis. Only the mutations encoded in the cassette are observed. (e) Analysis of cassette integrity following DSB induction. The trpl-R78™4
repair strain was subjected to continuous DSB formation by growth in galactose induction media for 21 h and plated on Trp™~ plates. Total plasmids
were isolated from the resulting colonies, and the cassette region was PCR amplified using primers surrounding the multiple cloning site. The major
PCR product (Cass.) is of equal size to the product obtained using a control plasmid as template (Std.).

first encoded a wild-type ValS0 residue for repair of the
corresponding nonsense mutation in an engineered hisA-
V5ot gene; the second cassette encoded Arg78, as above,
to repair trpI-R78™4. Importantly, while the cassette plasmids
were initially introduced into the haploid a-type donor cells by
transformation, in this experiment mutation of the hisA gene
was executed simply by mating haploid a-type cassette cells
with haploid a-type target cells containing the target gene and
inducible endonuclease. Sporulation followed by lyticase
digestion of any unsporulated diploids was used to regenerate
haploid cells between rounds of selection for mating with
additional cassette cells (see Supporting Information, Section
S.3). Cells were selected for histidine prototrophy after the first
round of mutagenesis and for tryptophan prototrophy after the
second round. To confirm the link between the observed

phenotypes and the desired recombination events, individual
plasmids were isolated and retransformed into the background
strain, yielding cells that exhibited the expected growth profile
(Figure 3b). Restriction mapping and sequencing of both
pooled DNA and DNA from individual colonies showed that
both encoded mutations had been successfully incorporated
into the hisA and TRPI genes with no other detected changes
to their sequences (Figure 3c).

This two-stage experiment was also executed as a mock
selection to confirm the capability of the system to effect
mutagenesis from a library. For these experiments, cassette
strains carrying mutagenic plasmids with the appropriate repair
codon were mixed with an excess of empty cassette cells in
which the plasmid contained no homology to the target gene
and a single Scel site. The resulting mock libraries were mated

604 dx.doi.org/10.1021/sb3000904 | ACS Synth. Biol. 2012, 1, 602—609



ACS Synthetic Biology

a ala

@ @ 2) recombine
Wct 7o

hisA V50 cassette 4) sporulate Round 1
1:10* library hisA*

TRP1 R78 cassette Round 2
1:10? library hisA* & TRP1*

His®

Trp

before after after MW Ava Bsa Ava Bsa Ava Bsa

recombination Round 1 Round 2 round0  round 1 round 2

Figure 3. Multiple, successive rounds of mutation in living cells. (a) Schematic depiction of the two-stage mutagenesis experiment. First, a Target
Strain (T) carrying the target genes, hisA-VS0™4 from T. maritima (depicted in gray) and trpl-R78™4 from S. cerevisiae (gold), is mated (1) with a
mock library of cassette strains (C) harboring the cassette to repair the nonsense V50™4 mutation (purple) or a blank cassette with one Scel site but
no homology to hisA or TRP1. After recombination-based mutagenesis (2) and selection on histidine dropout media (3), diploids are sporulated (4)
and germinated (S) to produce haploid daughter cells with the repaired hisA gene. A second round of mating with a new cassette strain library
introduces either a new cassette (green) designed to repair the R78™* mutation in trpI or the blank cassette. Cells that receive the repair cassette
can properly repair the trpI-R78"** gene and are selected on media lacking tryptophan. Plasmids isolated after this round contain the mutations
encoded in both cassettes. (b) Transformations of plasmids recovered following each round of the two-stage mutagenesis experiment. The initial
plasmid, carrying the hisA-V50™* and trp1-R78™4 genes, does not support growth on either histidine or tryptophan dropout media. Plasmids
isolated after the first round complement histidine auxotrophy in the his6~ genetic background. Plasmids from the second round complement both
his6~ and trpl~, consistent with repair of both genes. (c) Restriction digest of the hisA and #rpl genes at each stage of the experiment. Genes were
isolated after each round and PCR amplified, and restriction enzymes were added directly to the completed PCR reaction. After one round of
mutagenesis, the hisA gene contains a new Avall (Ava) site purposely encoded in the mutagenic cassette immediately after the ValS0 repair codon.
During the second round, a BsaWI (Bsa) site is introduced into TRPI adjacent to the repaired Arg78 codon. Genes isolated after each round are
cleaved by the appropriate restriction enzyme(s).

to the target strain at the start of each round of Heritable related tryptophan biosynthetic enzyme phosphoribosylanthra-
Recombination, and cells carrying both repaired genes were nilate isomerase (PRAI).”**! Thus, we reasoned that Heritable
successfully isolated from a 10* excess of empty cassette Recombination should allow us to evolve hisA variants with
plasmids in the first round and a 10® excess in the second combinations of beneficial mutations in a rapid and
round. Thus, while validated here with just two cassettes, straightforward manner.
Heritable Recombination allows multiple rounds of library Rewardingly, three rounds of mutagenesis and selection via
evolution to be carried out simply through repeated cycles of Heritable Recombination yielded hisA variants that could
sporulation followed by mating with prepackaged cassette cells complement a trpl~ auxotrophy in yeast in under a month
under conditions of selective pressure without any intermediate (Figure 4a). Three separate libraries of mutagenic cassettes
steps of DNA isolation and manipulation. were designed targeting distinct loops at the C-terminal end of
Finally, we challenged the utility of crossing beneficial the hisA (Ba)g-barrel (Figure 4b). Loops at this face of the
mutations in the course of selection with Heritable protein contribute residues for substrate recognition and
Recombination by rapidly evolving the hisA biosynthetic catalysis in nearly all known examples of (fBa)s-barrel
enzyme to accept a new substrate. Wild-type hisA codes for enzymes.”> Each cassette randomized three residues using
N’-[(5'-phosphoribosyl)formimino]-S-aminoimidazole-4-car- degenerate NNS codons (N = A,T,C,G; S = G,C) to provide a
boxamide ribonucleotide (ProFAR) isomerase, a (fa)q-barrel complexity of 3.4 X 10* variants per cassette, or 3.5 X 10" total
enzyme that catalyzes an Amadori rearrangement as the fourth variants with crossing of all three cassettes.
step in the de novo biosynthesis of histidine. Previous work by In the first round, cells containing a target plasmid with the
the Sterner group has shown that directed evolution followed hisA gene were separately mated to two populations of cells
by rational combination of beneficial mutations can be used to carrying libraries 1 and 2. Recombination-mediated muta-
convert ProFAR into highly active variants of the evolutionarily genesis was followed by selection against the his6~ auxotrophy
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Figure 4. Facile directed evolution of new substrate specificity in hisA using Heritable Recombination to cross beneficial mutations from individual
lineages. (a) Diagram of the directed evolution experiment. The hisA gene is represented by a gray arrow, and the mutagenic cassette libraries are
represented by color-coded numbered plasmids. In Round 1, libraries 1 and 2 were individually mated to a target strain carrying the hisA gene.
Mutations were introduced using homologous recombination, and variants were subjected to neutral drift by growth in His™ media. The winners
from this round were sporulated and mated to each other to merge libraries 1 and 2. After a second round of neutral drift with this combined lineage,
library 3 was introduced through mating, and the cells were then grown in media lacking tryptophan to select for variants that could complement a
trpl~ genotype. (b) Rendering of the hisA enzyme based on the X-ray crystal structure (PDB id: 1Q02), showing the location of the randomized
libraries at the C-terminal face of the (fia)g-barrel. The three major catalytic loops are color-coordinated with the corresponding mutagenic cassette
libraries. Residues that were subjected to saturation mutagenesis are shown as yellow sticks. (c) Table of mutations found in Trp* variants of hisA.
Seven different sequences were found from 87 clones; the frequency of each is denoted in the column marked “#”. Amino acid positions are listed in
bold across the top with the wild-type residues in the gray row below. Blank boxes indicate wild-type codons, filled boxes denote the new amino acid
at that position, and filled boxes with red backgrounds list sites where a new DNA sequence encoded wild-type residues. Together these experiments
show the power of Heritable Recombination to readily cross beneficial mutations and produce synergistic solutions directly within living yeast cells.

to generate a pool of variants that retained hisA activity. This reused in multiple different solutions, indicating combinatorial
“neutral drift” step allowed the identification of mutations that sharing of beneficial mutations among members of the
still led to folded and functional proteins, providing a privileged population. Despite cassettes encoding full saturation at each
pool of starting points for discovery of hisA mutants that could targeted locus, several residues were unchanged from the wild
complement trpl~ auxotrophy in yeast.”>** type in all variants that were sequenced (see Supporting

Surviving cells from these initial selections were induced to Information, Section S.2). Several of the sequenced genes
sporulate and then mated to each other to combine the cassette contained additional single-base mutations that were not

plasmids from these first two libraries. A second round of
mutagenesis and neutral drift selection was then carried out to
merge the winning mutations from the first round before
mating the surviving cells with a population carrying library 3.

Following a third round of mutagenesis, the cells were placed
in media lacking tryptophan to select for enzymes with the
desired new substrate specificity. Mutated target plasmids were
isolated after the final round of selection, retransformed into
yeast to confirm the Trp" phenotype, and sequenced.
Significantly, by using an intermediate selection to hone the
libraries so that they contained only functional mutations, we
were able to combine three libraries of 3.4 X 10* variants to
virtually explore a sequence space equal to the product of the
three libraries, or approximately 3.5 X 10" sequences, several
orders of magnitude greater than the current transformation

encoded in the initial degenerate libraries but rather were
located in the homology region for library 2; we are currently
engaged in studies to understand the origin of these mutations
as well as the overall mechanism of mutagenesis in this system.

While the design of our libraries benefited from insight into
this enzyme class from published work,”>*" the ability to cross
beneficial mutations in vivo using sexual reproduction allowed
us to readily identify several different cassette combinations that
produced enzymes that strongly complemented the trpl~
genotype. The ease with which we isolated these combinations
stands in contrast to previous efforts that required rational
engineering to combine beneficial mutations arising from error-
prone PCR to achieve highly active enzymes.”' We discovered
seven distinct sequence solutions, and most of the mutations

limit to library size in yeast. In theory the process of mutation we found were at sites other than those previously reported.
followed by sexual reproduction could be continued with more Interestingly, all of our results contained at least one new basic
cassette libraries to explore vast amounts of sequence diversity. amino acid, supporting the hypothesis that electrostatic effects

This efficient search of sequence space readily produced a play a dominant role in recognizing the negatively charged
variety of hisA mutants with different cassette combinations substrate phosphoribosylanthranilate.””** The preliminary
that could fully complement a trpl~ genotype in yeast (Figure neutral drift steps show that nondeleterious mutations can
4c). Sequencing of these mutants showed that Heritable potentially provide increased evolvability under changing
Recombination was working properly: several cassettes were selective pressure. We are currently exploring ways to test the
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evolutionary significance of this concept using Heritable
Recombination.

The success of this directed evolution experiment showcases
all three parts of our technology working in concert to
efficiently search sequence space and distinguishes it from
previously reported in vivo mutagenesis techniques. Homology-
directed library cassettes target the mutations to the regions of
interest in a vast excess of chromosomal DNA, thus avoiding
the undesired genomic instability often observed with mutator
strains that prevents continuous rounds of mutation and
selection.’® The recently reported PACE technology uses
continuous phage infection of E. coli to surmount the genomic
instability problem but does not enable targeted mutations or
addition or deletion of DNA and does not address
recombination of beneficial mutations.” By using an endonu-
clease-induced double-strand break in a heritable cassette
plasmid inside the cell to initiate mutagenesis, our method is
distinct from previous efforts, both long-standing work in
yeast”” * and the more recent MAGE technology in E. coli®
and work from our laboratory in yeast,® to generate molecular
diversity that rely on transformation of linear DNA fragments
to achieve recombination. A technique called “gene gorging”
uses DSBs generated by Scel to initiate l]amda Red-mediated
recombination in E. coli, but this process has not been explored
for library creation and cannot be iterated over multiple
rounds.>" Several methods using in vivo recombination in E. coli
to generate antibody libraries have been reported,®”** but these
methods are often limited to antibody-derived genes and,
unlike Heritable Recombination, have no mechanism for
repeated diversification through sexual reproduction. DNA
shuffling can mimic sexual reproduction but relies on PCR and
therefore lacks the other benefits of our entirely in vivo
process.>* Thus, Heritable Recombination uniquely breaks the
transformation barrier to library size and, by analogy to
computational algorithms such as dead-end elimination, enables
virtual searches of extremely large libraries.*> Most important,
our strategy allows heritable cassette plasmids to be exchanged
among cells via mating and sporulation and so provides a
simple and efficient way to track and combine beneficial
mutations. In contrast to CAGE, which relies on bacterial
conjugation to combine large contiguous regions of E. coli
chromosomes, mutations can be crossed organically with
Heritable Recombination over many rounds of the mutation
and sexual reproduction cycle.*®

Heritable Recombination is immediately compatible with any
screen or selection available in yeast. While we have
demonstrated it here using classic yeast auxotrophic growth
selections, we anticipate that it will be equally useful under a
variety of existing assays, including analytical screens and
affinity-based selections. Currently, we are applying Heritable
Recombination in conjunction with yeast cell surface display for
the evolution of antibodies’” and enzymes.®® Our long-term
goal is to couple Heritable Recombination with an expanded
chemical complementation selection to enable the routine
evolution of new chemistry directly in living cells.*”

We foresee this technology becoming an efficient production
platform for the directed evolution of biomolecules. For
example, a privileged scaffold, such as the (fa)g-barrel or an
immunoglobulin fold, could be used as a common starting
point, and libraries specific to the scaffold would be stored in
yeast as frozen glycerol stocks. While demonstrated here with
diversification of active-site loops in a single gene, we also plan
to apply Heritable Recombination to several genes at once,
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ultimately targeting multiple loci in the yeast genome
simultaneously. Regardless of the desired target(s), the
appropriate libraries could be combined and searched through
mating and in vivo mutagenesis to identify useful sequences in a
manner of days. Further maturation of the activity of the
target(s) could be executed simply by additional rounds of
mating with pre-existing cassette cell libraries.

In a broader context, the methods presented here represent
an advance in synthetic biology. The manipulation of nucleic
acid sequences in vivo is a rapidly developing field with
implications ranging from conditional gene expression to
completely synthetic genomes. We foresee techniques based
on homologous recombination, in yeast, bacteria, and
mammalian cells, gaining even greater relevance as the
mechanism of these processes becomes further eluci-
dated.**”* We have already begun related projects using
Heritable Recombination for the evolution of enzymes and
binding proteins, metabolic engineering, and pathway con-
struction.*

B METHODS

General. Standard molecular biology protocols were used
for plasmid and strain construction. For specific details
regarding strains and plasmids, individual experiments, and
mock selections, please refer to the Supporting Information.

In Vivo Mutagenesis Protocol. Overnight cultures of
mutagenesis strains were grown in synthetic complete media
with 2% (w/v) glucose (SC-Glu) lacking the necessary
nutrients for plasmid maintenance. Cells were centrifuged,
the supernatant was removed, and the cells were resuspended
in preinduction media (SC with 2% lactate). Preinduction
cultures were shaken at 30 °C for 3 h and then split evenly into
two tubes and centrifuged. Supernatants were removed, and
one cell pellet was resuspended in SC with 2% galactose while
the other was resuspended in SC-Glu. The cultures were
shaken at 30 °C for the desired induction time, typically 24 h,
and then serial dilutions were plated on selective and non-
selective SC-Glu plates. Colonies were counted after incubation
at 30 °C for 48 h.

Sporulation and Mating. Diploid cells were placed in 10
mL of presporulation media (YP + 10% glucose) at an initial
cell density of ODgy = 0.1. The cultures were shaken at 30 °C
until they reached a density of 0.5—0.7, typically 7—9 h. Cells
were then collected by centrifugation and resuspended in an
equal volume of sporulation media (0.5% potassium acetate)
and shaken at 30 °C for 48 h. The spores were harvested by
centrifugation and resuspended in 1 mL of water. Zymolyase
was added (10 units), and the spores were placed in a 37 °C
bath for 2 h and then sonicated for 35 min. Cells were
germinated by overnight growth in SC media. Freshly
germinated cells were mixed in a 1:3 ratio with cells containing
the new cassette (~107 total cells), and this cell mixture was
plated on YPD. The mating plate was incubated at 30 °C for 8
h, and then the cells were harvested with water and diluted into
SC-Glu media to select for diploids carrying all plasmids.

B ASSOCIATED CONTENT

© Supporting Information
This material is available free of charge via the Internet at
http://pubs.acs.org.

dx.doi.org/10.1021/sb3000904 | ACS Synth. Biol. 2012, 1, 602—609


http://pubs.acs.org

ACS Synthetic Biology

Research Article

B AUTHOR INFORMATION

Corresponding Author
*E-mail: vell4@columbia.edu.

Present Addresses

"The School of Chemistry and Biochemistry, Georgia Institute
of Technology, 901 Atlantic Drive, Atlanta, GA 30332—0400.
*Division of Biology, University of California San Diego, La
Jolla, CA 92093.

Author Contributions

D.WR, P.P.-Y,, V.M, and V.W.C. conceived and designed the
research. D.W.R,, P.P.-Y,, and V.M. conducted the experiments.
D.W.R. and V.W.C. analyzed the data and wrote the paper.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported in part by funds from the NIH
(RO1IGM62867, ROIGMO096064) and the NSF
(CHE0957569). D.W.R. is supported by a postdoctoral
tellowship from the National Institute of General Medical
Sciences (F32GM089031). We would like to thank Prof. Aaron
Mitchell, Dr. Robert Reid, Dr. Jon Bronson, Dr. Laura Wingler,
and Dr. Nili Ostrov for helpful discussions and Dr. Minchen
Chien for help with sequencing. We would also like to
acknowledge Prof. Janet Lindsley (U. Utah) for her gift of the I-
Scel gene.

B REFERENCES

(1) Voigt, C. A. (2006) Genetic parts to program bacteria. Curr.
Opin. Biotechnol. 17, 548—557.

(2) Haseltine, E. L., and Arnold, F. H. (2007) Synthetic gene circuits:
Design with directed evolution. Annu. Rev. Biophys. Biomol. Struct.. 36,
1-19.

(3) Carr, P. A, and Church, G. M. (2009) Genome engineering. Nat.
Biotechnol. 27, 1151—1162.

(4) Camps, M., Naukkarinen, J., Johnson, B. P., and Loeb, L. A.
(2003) Targeted gene evolution in Escherichia coli using a highly error-
prone DNA polymerase I Proc. Natl. Acad. Sci. US.A. 100, 9727—
9732.

(5) Wang, L., Jackson, W. C,, Steinbach, P. A, and Tsien, R. Y.
(2004) Evolution of new nonantibody proteins via iterative somatic
hypermutation. Proc. Natl. Acad. Sci. US.A. 101, 16745—16749.

(6) Pirakitikulr, N., Ostrov, N., Peralta-Yahya, P., and Cornish, V. W.
(2010) PCRless library mutagenesis via oligonucleotide recombination
in yeast. Protein Sci. 19, 2336—2346.

(7) Esvelt, K. M., Carlson, J. C,, and Liu, D. R. (2011) A system for
the continuous directed evolution of biomolecules. Nature 472, 499—
503.

(8) Wang, H. H,, Isaacs, F. J., Carr, P. A,, Sun, Z. Z., Xu, G., Forest, C.
R, and Church, G. M. (2009) Programming cells by multiplex genome
engineering and accelerated evolution. Nature 460, 894—898.

(9) Rothstein, R. (1991) Targeting, disruption, replacement, and
allele rescue — Integrative DNA transformation in yeast. Methods
Enzymol. 194, 281-301.

(10) Krogh, B. O, and Symington, L. S. (2004) Recombination
proteins in yeast. Annu. Rev. Genet. 38, 233—271.

(11) Storici, F., Resnick, M. A, Judith, L. C., and Paul, M. (2006)
The Delitto Perfetto approach to in vivo site-directed mutagenesis and
chromosome rearrangements with synthetic oligonucleotides in yeast.
Methods Enzymol. 409, 329—345.

(12) Jasin, M. (1996) Genetic manipulation of genomes with rare-
cutting endonucleases. Trends Genet. 12, 224—228.

(13) Paques, F.,, and Haber, J. E. (1999) Multiple pathways of
recombination induced by double-strand breaks in Saccharomyces
cerevisiae. Microbiol. Mol. Biol. Rev. 63, 349—404.

608

(14) Haber, J. E. (2002) Uses and abuses of HO endonuclease, in
Guide to Yeast Genetics and Molecular and Cell Biology, Pt B, pp 141—
164, Academic Press Inc, San Diego.

(15) Plessis, A, Perrin, A., Haber, J. E., and Dujon, B. (1992) Site-
specific recombination determined by I-Scel, a mitochondrial group-I
intron-encoded endonuclease expressed in the yeast nucleus. Genetics
130, 451—460.

(16) Belfort, M., and Roberts, R. J. (1997) Homing endonucleases:
keeping the house in order. Nucleic Acids Res. 25, 3379—3388.

(17) Hua, S.-b.,, Qiu, M., Chan, E., Zhu, L., and Luo, Y. (1997)
Minimum length of sequence homology required for in vivo cloning
by homologous recombination in yeast. Plasmid 38, 91—96.

(18) Melamed, C., and Kupiec, M. (1992) Effect of donor copy
number on the rate of gene conversion in the yeast Saccharomyces
cerevisiae. Mol. Gen. Genet. 235, 97—103.

(19) Thoma, R., Schwander, M., Liebl, W., Kirschner, K., and Sterner,
R. (1998) A histidine gene cluster of the hyperthermophile
Thermotoga maritima: sequence analysis and evolutionary significance.
Extremophiles 2, 379—389.

(20) Jurgens, C., Strom, A., Wegener, D., Hettwer, S., Wilmanns, M.,
and Sterner, R. (2000) Directed evolution of a (beta alpha)(8)-barrel
enzyme to catalyze related reactions in two different metabolic
pathways. Proc. Natl. Acad. Sci. US.A. 97, 9925—9930.

(21) Claren, J., Malisi, C., Hocker, B, and Sterner, R. (2009)
Establishing wild-type levels of catalytic activity on natural and artificial
(beta alpha)(8)-barrel protein scaffolds. Proc. Natl. Acad. Sci. US.A.
106, 3704—3709.

(22) Gerlt, J. A., and Raushel, F. M. (2003) Evolution of function in
(p/)8-barrel enzymes. Curr. Opin. Chem. Biol. 7, 252—264.

(23) Amitai, G,, Gupta, R. D., and Tawfik, D. S. (2007) Latent
evolutionary potentials under the neutral mutational drift of an
enzyme. HFSP J. 1, 67-78.

(24) Gupta, R. D, and Tawfik, D. S. (2008) Directed enzyme
evolution via small and effective neutral drift libraries. Nat. Methods S,
939—-942.

(25) Leopoldseder, S., Claren, J., Jurgens, C., and Sterner, R. (2004)
Interconverting the catalytic activities of (beta alpha)(8)-barrel
enzymes from different metabolic pathways: Sequence requirements
and molecular analysis. J. Mol. Biol. 337, 871—879.

(26) Funchain, P., Yeung, A, Stewart, J. L., Lin, R,, Slupska, M. M,,
and Miller, J. H. (2000) The consequences of growth of a mutator
strain of Escherichia coli as measured by loss of function among
multiple gene targets and loss of fitness. Genetics 154, 959—970.

(27) Pompon, D., and Nicolas, A. (1989) Protein engineering by
cDNA recombination in yeasts: shuffling of mammalian cytochrome
P-450 functions. Gene 83, 15—24.

(28) Cherry, J. R, Lamsa, M. H,, Schneider, P., Vind, J., Svendsen, A.,
Jones, A., and Pedersen, A. H. (1999) Directed evolution of a fungal
peroxidase. Nat. Biotechnol. 17, 379—384.

(29) Swers, J. S, Kellogg, B. A., and Wittrup, K. D. (2004) Shuffled
antibody libraries created by in vivo homologous recombination and
yeast surface display. Nucleic Acids Res. 32, 15.

(30) Zumérraga, M., Camarero, S., Shleev, S., Martinez-Arias, A.,
Ballesteros, A., Plou, F. J., and Alcalde, M. (2008) Altering the laccase
functionality by in vivo assembly of mutant libraries with different
mutational spectra. Proteins 71, 250—260.

(31) Herring, C. D., Glasner, J. D., and Blattner, F. R. (2003) Gene
replacement without selection: regulated suppression of amber
mutations in Escherichia coli. Gene 311, 153—163.

(32) Sblattero, D., Lou, J., Marzari, R,, and Bradbury, A. (2001) In
vivo recombination as a tool to generate molecular diversity in phage
antibody libraries. Rev. Mol. Biotechnol. 74, 303—315.

(33) Wang, P. L, Lo, B. K. C,, and Winter, G. (2005) Generating
molecular diversity by homologous recombination in Escherichia coli.
Protein Eng, Des. Sel. 18, 397—404.

(34) Stemmer, W. P. C. (1994) Rapid evolution of a protein in vitro
by DNA shuffling. Nature 370, 389—391.

dx.doi.org/10.1021/sb3000904 | ACS Synth. Biol. 2012, 1, 602—609


mailto:vc114@columbia.edu

ACS Synthetic Biology

Research Article

(35) Desjarlais, J. R, and Clarke, N. D. (1998) Computer search
algorithms in protein modification and design. Curr. Opin. Struct. Biol.
8, 471—475.

(36) Isaacs, F. J., Carr, P. A, Wang, H. H,, Lajoie, M. J., Sterling, B.,
Kraal, L., Tolonen, A. C., Gianoulis, T. A., Goodman, D. B., Reppas, N.
B., Emig, C. J., Bang, D., Hwang, S. J., Jewett, M. C,, Jacobson, J. M.,
and Church, G. M. (2011) Precise manipulation of chromosomes in
vivo enables genome-wide codon replacement. Science 333, 348—353.

(37) Gai, S. A, and Wittrup, K. D. (2007) Yeast surface display for
protein engineering and characterization. Curr. Opin. Struct. Biol. 17,
467—473.

(38) Chen, I, Dorr, B. M,, and Liu, D. R. (2011) A general strategy
for the evolution of bond-forming enzymes using yeast display. Proc.
Natl. Acad. Sci. US.A. 108, 11399—11404.

(39) Baker, K, Bleczinski, C., Lin, H., Salazar-Jimenez, G., Sengupta,
D., Krane, S., and Cornish, V. W. (2002) Chemical complementation:
A reaction-independent genetic assay for enzyme catalysis. Proc. Natl.
Acad. Sci. US.A. 99, 16537—16542.

(40) Sawitzke, J. A., Thomason, L. C., Costantino, N., Bubunenko,
M, Datta, S., Court, D. L., Kelly, T. H,, and Stanley, R. M. (2007)
Recombineering: In vivo genetic engineering in E. colj, S. enterica, and
Beyond. Methods Enzymol. 421, 171—199.

(41) Le Provost, F., Lillico, S., Passet, B., Young, R., Whitelaw, B., and
Vilotte, J.-L. (2010) Zinc finger nuclease technology heralds a new era
in mammalian transgenesis. Trends Biotechnol. 28, 134—141.

(42) Hockemeyer, D., Wang, H.,, Kiani, S, Lai, C. S, Gao, Q,
Cassady, J. P,, Cost, G. J.,, Zhang, L., Santiago, Y., Miller, J. C., Zeitler,
B., Cherone, J. M., Meng, X., Hinkley, S. J., Rebar, E. J., Gregory, P. D,,
Urnov, F. D,, and Jaenisch, R. (2011) Genetic engineering of human
pluripotent cells using TALE nucleases. Nat. Biotechnol. 29, 731—734.

(43) Wingler, L. M, and Cornish, V. W. (2011) Reiterative
Recombination for the in vivo assemly of libraries of multigene
pathways. Proc. Natl. Acad. Sci. US.A. 108, 15135—15140.

609

dx.doi.org/10.1021/sb3000904 | ACS Synth. Biol. 2012, 1, 602—609



