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Abstract 

Directed evolution is a powerful methodology for the creation of new biomolecules with 

user-desired functions. Most directed evolution experiments are performed in vitro, in bacteria, or 

in yeast, even when the evolved biomolecule is intended to function in mammalian cells. As a 

result, the functions of biomolecules evolved in these environments are often derailed in the 

complex mammalian cellular environment. The development of highly efficacious methods for 

directed evolution in mammalian cells has severely lagged behind similar methods in single-celled 

organisms, owing to the relative difficulties of both mammalian cell culture and genomic 

engineering in mammalian cells. In this thesis, I describe the development and subsequent 

application of a high-throughput, adaptable, virus-based continuous directed evolution method 

that uses the mammalian cell for simultaneously mutagenizing, expressing, and selecting an 

evolving gene of interest. This platform functions by making adenoviral propagation in mammalian 

cells dependent upon the activity of a virally encoded gene of interest, which is continuously 

mutagenized by a highly error-prone engineered adenoviral polymerase. We demonstrated the 

platform’s efficacy in proof-of-principle evolution experiments by evolving a transcription factor to 

be insensitive to a small molecule inhibitor. We then engineered selection circuits for evolving 

endogenous human G-protein coupled receptors, wherein viral replication is coupled to an 

endogenous signaling pathway. We also engineered selection circuits for evolving exogenous 

CRISPR systems, wherein viral replication is coupled to an exogenous transcriptional couple. For 

both selection circuits, we demonstrated selection pressure sufficient to drive a directed evolution 

campaign through viral replication assays. Finally, we highlight a wide range of biomolecules for 

which directed evolution mammalian cells would be impactful, but was previously out of reach 

before the development of virus-based continuous evolution methods. 
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“It is those who know little, and not those who know much, who so positively assert that this or 

that problem will never be solved by science.” – Charles Darwin, The Descent of Man 

“That is the essence of science: ask an impertinent question, and you are on the way to the 

pertinent answer.” – Jacob Bronowski, The Ascent of Man 
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1.1 Summary 

Directed evolution experiments are typically carried out using in vitro systems, bacteria, or 

yeast—even when the goal is to probe or modulate mammalian biology. Performing directed 

evolution in systems that do not match the intended mammalian environment severely constrains 

the scope and functionality of targets that can be evolved. This chapter reviews recent 

developments that enable researchers to use the mammalian cell itself as the setting for directed 

evolution, and presents an overview of frontier challenges and high-impact targets for this 

approach.  

 

1.2 Introduction 

Directed evolution is a powerful methodology for creating biomolecules with new and 

improved properties. In a typical directed evolution experiment, a library of genetic variants is 

generated through mutagenesis of an initial sequence. The expressed biomolecules are then 

selected or screened for a desired activity. Iterative cycles of this process produce increasingly 

optimized biomolecules. This approach has yielded molecules useful to industry and research 

and numerous critical biotechnologies, and was the subject of the 2018 Nobel Prize in Chemistry.1 

Aside from the many practical applications, valuable fundamental information about biomolecular 

structure, evolutionary biology, and organismal fitness can often be obtained using directed 

evolution. 

Directed evolution can be used to create biomolecular tools to perturb or interrogate many 

mammalian systems, with both fundamental research and therapeutic applications. Directed 

evolution could even optimize for function in a specific cell type or genetic background, providing 

a platform for developing targeted or personalized medicine. From a basic science perspective, 

researchers could gain new insights into the structure and function of understudied mammalian 

proteins or those with unknown structures, as well as explore principles of mammalian 

evolutionary biology.  

Yet, despite all this potential, the promised impact of directed evolution on mammalian 

biology and medicine has not yet been fully realized. Instead, many impactful targets and 

pathways have never been pursued using directed evolution, and many attempted directed 

evolution campaigns have yielded products that fail to function properly in mammalian cells. 

Published examples of the latter include monobodies,2 fluorescent proteins,3 inteins,4-5 aminoacyl-

tRNA synthetases,6 and membrane proteins.7 
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Figure 1.1 Directed evolution for function in mammalian cells. (a) In most directed evolution 
experiments, protein variants are expressed in test tubes, bacteria, or yeast. Genes of interest 
are mutagenized and expressed, creating a mutant library with varying activities. Successful 
variants (blue) are selected and enriched in the population more than unsuccessful variants (red). 
Evolved variants are then identified through DNA sequencing. (b–c) Illustration of some of the 
challenges associated with performing directed evolution in lower organisms—in this example, 
directed evolution of a mammalian membrane protein. (b) To evolve mammalian proteins in lower 
organisms, exogenous components from mammalian cells frequently need to be introduced for 
proper folding, modification, trafficking, and more. Membrane proteins also often require 
extensive interactions with other downstream exogenous components for proper function, 
requiring additional exogenous components. (c) Proteins evolved in vitro, in bacteria, or in yeast 
often fail to function properly once expressed in mammalian cells. Function can be derailed in 
mammalian cells because the evolved protein may aggregate, be degraded, be incorrectly 
processed or modified, mislocalize, interact with inappropriate partners, or lack catalytic or other 
activity for any number of additional reasons. 
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What is responsible for these failures? Directed evolution experiments are most commonly 

performed in vitro, in bacteria, or in yeast (Figure 1.1a), even when the product is intended to be 

used in mammalian cells or when the goal is to study mammalian biology.8 Unfortunately, most 

mammalian proteins do not retain their function when expressed in lower organisms, including in 

single-celled eukaryotes like yeast,9 commonly owing to misfolding or aggregation, the absence 

of complex signaling pathways unique to mammalian cells, or other differences (Figure 1.1b). 

Even when these obstacles can be overcome, the lower organism is still a highly artificial selection 

system. As a consequence, the desired functions of evolved products can be derailed in 

mammalian cells by unintended intermolecular interactions, poor folding, unexpected 

modifications or cellular localization, and many other serious problems (Figure 1.1c). Importantly, 

this limitation applies not only to mammalian proteins themselves but also to those derived from 

other sources, including bacteria and yeast, that could be evolved to perturb or probe mammalian 

biology. 

The apparent solution to all these issues is to use the mammalian cell itself as the design, 

engineering, and quality control setting for directed evolution. Although simple on its face, this 

solution immediately runs up against numerous obstacles. Many practical reasons, both technical 

(e.g., slow growth rate of mammalian cells, engineering challenges) and economic (e.g., labor-

intensive mammalian cell culture, expensive media), have deterred researchers from using 

mammalian cells in directed evolution campaigns. These challenges, while real, have led the 

directed evolution field down what can prove to be an unproductive path—attempting to evolve 

function in poorly matched model systems.  

Recent technological advances have comprehensively reshaped the mammalian cell 

directed evolution landscape. New mammalian cell-specific platforms, including bespoke 

strategies for library creation and variant selection, are democratizing mammalian cell-based 

directed evolution. In this chapter, I present these emerging methods and some frontier 

challenges in the field. After first discussing key elements and challenges of mammalian cell-

based directed evolution campaigns, I focus attention on ex mammalia and in mammalia 

mutagenesis methods. Finally, I introduce virus-aided continuous evolution methods that 

integrate in mammalia mutagenesis with efficient expression and selection, a concept which will 

be explored more deeply in the remaining chapters.   

  



20 
 

  

Figure 1.2 Directed evolution in mammalian cells. (a–b) First, genes of interest are 
mutagenized. (a) Ex mammalia mutagenesis strategies, such as error-prone PCR10 or mutator 
strains of Escherichia coli like XL-1 Red11 and bacteria transformed with the mutagenic MP6 
plasmid,12 mutate genes of interest outside of the mammalian cell. (b) In mammalia mutagenesis 
strategies, such as targeted mutagenesis or viral mutagenesis, mutate genes directly in the 
mammalian cell. (c) Once genes of interest are mutagenized, the variant library must be 
expressed in mammalian cells, commonly through chemical transfection, electroporation, or viral 
transduction. (d–e) Cells must then be assessed for appropriate activity, either by screening or 
selection, and genes encoding active variants enriched in the population. (d) High-throughput 
screening methods include flow cytometry, cellular imaging followed by robotic cell picking,30 and 
cellular binding to affinity beads. (e) Selection methods may include cytotoxic drug treatment and 
viral selection. 
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1.3 General principles and challenges of mammalian cell-based directed evolution 

Individual cycles of a directed evolution experiment have three main components: 

mutagenesis, expression, and screening or selection (Figure 1.2). For each component, 

mammalian cells present unique challenges.  

1.3.1 Mutagenesis. The first step in each cycle of a directed evolution experiment is 

mutagenesis, in which a large library of genetic variants of a gene of interest is created. Global 

mutagenesis approaches introduce off-target mutations throughout the genome. Considering the 

immense size and complexity of the mammalian genome, there is a high probability that such off-

target mutations can lead to the creation of ‘cheaters’ that bypass screening or selection in 

unproductive ways, completely derailing directed evolution experiments. 

Mammalian directed evolution strategies therefore rely upon targeted mutagenesis, 

meaning mutagenesis directed to a specific genetic region. Targeted mutagenesis methods can 

be categorized as either ex mammalia or in mammalia. Ex mammalia mutagenesis, or 

mutagenesis that occurs outside of mammalian cells, includes random techniques, such as error-

prone PCR10 and mutator strains of bacteria,11-12 as well as non-random techniques, such as site-

directed mutagenesis and synthetic library generation (Figure 1.2a). Non-random mutagenesis 

provides precise control over which genetic variants are created, but these libraries are typically 

much smaller in size than those produced using random methods.13 Therefore, most ex 

mammalia mutagenesis strategies rely on random mutagenesis.  

In mammalia mutagenesis, or mutagenesis that occurs inside mammalian cells, currently 

relies on somatic hypermutation,14 CRISPR-based DNA targeting,15 highly processive RNA 

polymerases,16-17 or viral replication (Figure 1.2b). As opposed to ex mammalia mutagenesis, in 

mammalia mutagenesis enables multiple rounds of mutagenesis without needing to excise 

genetic libraries from the mammalian cell population to allow for further rounds of mutagenesis. 

Many of these strategies currently have a limited mutational spectrum, owing to their reliance on 

DNA-damaging enzymes to drive mutagenesis. Non-random in mammalia mutagenesis methods, 

such as Cas9-induced homology-directed repair using designed single-stranded DNA repair 

templates, can promote the introduction of a greater spectrum of point mutations18-19 but generate 

smaller libraries.  

1.3.2 Expression. Once a mutagenized genetic library is generated, the protein variants 

must be expressed either transiently or stably within mammalian cells. In transient expression 

methods, including chemical transfection and electroporation, cells express protein variants 

without genomically encoding or replicating the variant’s genetic information (Figure 1.2c). 

Challenges associated with transient expression include transfection efficiency, inconsistent 
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expression levels, expression of multiple variants in a single cell, and compatibility with a user-

desired cell line. Further, if the genes encoding transiently expressed biomolecule variants are 

not somehow replicated in mammalia over multiple generations, they cannot be mutagenized in 

mammalia, hampering iterability. If, however, viruses are used to encode, propagate, and 

transiently express genetic variants, then in mammalia mutagenesis can be used alongside 

transient expression.  

Stable expression, including retroviral transduction, can address many of the problems 

inherent to transient expression. Stably encoded genes can be mutated in mammalia, and protein 

expression levels may be more consistent. Nonetheless, cells can be infected by multiple 

retroviruses, and some commonly used retroviruses such as lentivirus are packaged with two 

genomes.  

1.3.3 Selection or screening. Once a library of protein variants is expressed in 

mammalian cells, the expressed variants must somehow be assessed for appropriate activity and 

then enriched in the population. This step can be categorized as either screening or selection, 

and the details depend entirely on the particular biomolecular activity being evolved. Screening 

involves physically separating cells on the basis of a given phenotype, commonly fluorescence-

based flow cytometry or cellular display (Figure 1.2d). Screening-based methods can be quite 

labor-intensive since cells usually must be manually manipulated before, during, and after each 

round. Another challenge is determining appropriate activity cutoffs for each round, which must 

be modified to become more stringent over the course of a directed evolution experiment.  

Selection-based strategies usually rely on the survival and replication of cells or viruses 

to enrich genetic variants (Figure 1.2e). Commonly, selection involves treating cells that encode 

a diverse library of genetic variants with a cytotoxic drug. Only those cells encoding genetic 

variants that provide resistance to the cytotoxic drug can survive selection to replicate and enrich 

in the population. Selection is in many ways much preferable to screening, as it requires minimal 

researcher intervention, is easy to scale and iterate, and requires little specialized equipment. 

Nonetheless, the slow growth rate of mammalian cells, the relatively narrow scope of 

biomolecules that negate the impact of cytotoxic perturbations, and the tendency for cells to 

spontaneously attain resistance to many such perturbations via undesired ‘cheating’ pathways, 

mean that selection-based approaches have historically been mostly limited to studies on 

oncoproteins.20-24 Recently developed virus-based selection methods25-26, described below, 

overcome many of the limitations of these past cell-based methods, leading to a vastly expanded 

scope of biomolecules evolvable through selection in mammalian cells. 
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Figure 1.3 Selected examples of directed evolution experiments that use ex mammalia 
mutagenesis. (a) Directed evolution of a small-molecule regulated destabilizing domain by 
Wandless and co-workers.27 (b) Robotic cell sreening-based directed evolution of a voltage 
reporter by Boyden and co-workers.30 (c) Iterative directed evolution of a voltage reporter by 
Dieudonné, Lin, and co-workers.13 (d) Directed evolution of BCR/ABL by Daley and co-workers.21 
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1.4 Mammalian cell-based directed evolution enabled by ex mammalia mutagenesis  

Ex mammalia mutagenesis combined with cellular screening is historically the most 

common approach for directed evolution in mammalian cells (Figure 1.3). Ex mammalia 

mutagenesis techniques were originally designed to support directed evolution in test tubes or 

lower organisms,11-12 and typically do not account for the unique challenges associated with 

mutagenesis within mammalian cells. Nonetheless, despite the constraints that ex mammalia 

techniques place on library size and throughput, these strategies can produce valuable evolved 

biomolecules that interact with and depend on the unique mammalian cellular environment.13, 20-

21, 27-31  

1.4.1 Screening-based methods enabled by ex mammalia mutagenesis. An 

informative example of ex mammalia mutagenesis followed by cellular screening is the 

development of small molecule-controlled destabilizing domains by Wandless and co-workers.27 

Destabilizing domains are proteins that exist largely in an unfolded state. Proteins fused to 

destabilizing domains are rapidly degraded by the proteasome. However, in the presence of a 

stabilizing small molecule, the folded state is more prevalent. The result is small molecule-

mediated control of the level of any destabilizing domain-fused protein in cells and animals. It is 

critical that destabilizing domains intended for use in mammalian systems are optimized directly 

in mammalian cells, as lower organisms can have vastly different proteostasis networks and 

degradation pathways. To evolve a destabilizing domain based on the human protein FKBP12, 

Wandless and co-workers used error-prone PCR and retroviral transduction to create and then 

stably express a library of ~30,000 FKBP12–YFP fusion protein variants in 3T3 mouse cells 

(Figure 1.3a).27 From this library, 10,000 cells expressing FKBP12–YFP variants were treated 

with the FKBP12-stabilizing ligand SLF* and screened for YFP fluorescence using flow cytometry. 

Selected cells were then cultured in the absence of SLF* and subsequently screened again by 

flow cytometry for a decrease in YFP fluorescence. A final round of flow cytometry was performed 

upon addition of SLF* and, from the population expressing fluorescent YFP, 72 FKBP12 clones 

were sequenced, revealing several frequently occurring mutations and resulting in small 

molecule-regulated destabilizing domains for use in mammalian cells. A similar strategy has since 

been used to identify small molecule-regulated destabilizing domain versions of other proteins.28-

29 These destabilizing domains are now widely used to confer small molecule control of the levels 

of proteins ranging from Cas932 to membrane proteins28, 33 in mammalian cells. 

Another instructive example is the directed evolution of membrane-spanning ion channels 

with valuable new functions. Boyden and co-workers used ex mammalia mutagenesis, transient 

transfection, and an innovative robotic screening approach to evolve the membrane-bound 
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voltage reporter QuasAr234 for improved properties such as brightness and localization.30 A library 

of Arch variants was generated through error-prone PCR (Figure 1.3b) and subsequently 

transfected into HEK293 cells. Detailed images of ~10,000 cells were computationally evaluated 

for desired biomolecular properties, such as membrane localization, brightness, and more. Cells 

expressing QuasAr2 variants with the desired properties were then physically detached from the 

dish using a robotic micropipette and sequenced. Two of the identified variants, Archon1 and 

Archon2, displayed improved brightness, photostability, and cellular localization, and allow 

detailed imaging of neuronal activity from many neurons simultaneously. 

A second approach to ion channel directed evolution in mammalian cells was 

demonstrated by Dieudonné, Lin, and co-workers.13 ASAP family voltage sensors are created via 

fusion of a circularly permuted GFP variant within the transmembrane region of a voltage-sensing 

phosphatase.35 First-generation ASAP voltage sensors suffer from relatively slow kinetics and 

are, therefore, unable to temporally resolve rapid action potentials. Dieudonné, Lin, and co-

workers developed a streamlined platform for directed evolution of ASAP voltage sensors by 

transfecting PCR-amplified, mutated constructs directly into mammalian cells (Figure 1.3c), 

avoiding the time-consuming and inefficient step of plasmid library generation. They then 

screened ~400 variants per round of evolution by inducing an electrical potential and observing, 

through imaging, cells with improved voltage sensing. After six iterative rounds of evolution, a 

sextuple-mutant of ASAP2f was identified, termed ASAP3, that showed more rapid activation 

kinetics similar to Archon1 and with improved molar brightness.  

1.4.2 Selection-based methods enabled by ex mammalia mutagenesis. While less 

common than screening-based methods, selection-based methods combined with ex mammalia 

mutagenesis have also been used, especially in efforts to illuminate how oncoproteins evolve 

drug resistance during cancer treatment. The small molecule imatinib inhibits BCR-ABL, an 

oncogene encoding an aberrant tyrosine kinase that can cause chronic myeloid leukemia and 

other cancers.36 Within just two years of FDA approval, 16 imatinib-resistant genetic mutations 

were observed in patients, creating a need to more comprehensively understand and predict the 

possible mutations that may permit imatinib resistance. Daley and co-workers used a single-round 

directed evolution technique to profile drug-resistant BCR-ABL variants in murine B cells.21 They 

employed a mutator strain of bacteria to create a BCR-ABL variant library (Figure 1.3d), 

introduced the library into a retroviral vector, transduced ~500,000 murine B cells with the library, 

and then treated the cells with imatinib for 10 days. Upon picking surviving cell colonies and 

sequencing the BCR-ABL variants, they identified 13 of the 16 known drug-resistance mutations. 

More significantly, they also discovered 100 novel drug-resistant variants, some of which were 
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later observed in imatinib-treated cancer patients.37 Similar approaches have since been 

deployed to illuminate drug resistance pathways in other oncoproteins, including farnesyl 

transferase31 and mitogen-activated protein kinase.20 

1.4.3 Summary. Proteins such as destabilizing domains, ion channels, and oncoproteins 

intimately rely on the unique mammalian cellular environment and complex mammalian pathways 

for proper function. These features cannot feasibly be moved into lower organisms or a test tube 

and, therefore, the success of these directed evolution campaigns depended on optimizing 

function within mammalian cells.  

Unfortunately, while ex mammalia mutagenesis techniques are well-established and 

straightforward to employ, they have significant drawbacks. Most significantly, the labor-intensive 

nature of variant library expression in and extraction from mammalian cells mean that in most 

cases only a single round of evolution is performed on what is typically quite a small variant library. 

In cases where multiple rounds of evolution are performed, sometimes fewer than 103 variants 

are tested in each round. More complex directed evolution targets typically require multiple rounds 

of evolution to be performed iteratively on variant libraries that are orders of magnitude larger than 

in these studies.  

 

1.5 Mammalian cell-based directed evolution enabled by in mammalia targeted 

mutagenesis 

A key bottleneck in most early examples of mammalian cell-based directed evolution 

experiments is that only one round of mutagenesis is performed. Breakthrough techniques to 

enable in mammalia targeted mutagenesis (Figures 1.2b and 1.4a) facilitate directed evolution 

experiments that require multiple rounds of evolution without the inefficient and cumbersome 

steps of library extraction, ex mammalia mutagenesis, and re-expression. 
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Figure 4. Targeted in mammalia mutagenesis. (a) Mutating genes of interest directly in 
mammalian cells streamlines iteration and increases the number of rounds of evolution that can 
be performed, but targeted mutagenesis of only the gene of interest for evolution is essential to 
avoid cheaters that escape selection pressure or subvert screening strategies. (b) Activation-
induced cytidine deaminase (AID) mutagenizes hypervariable regions of immunoglobulin (Ig) 
loci,14 although evidence suggests that significant off-target mutagenesis occurs.44,45 (c) AID 
induces point mutations by deaminatingcytosine (C), creating uracil (U) bases that can be 
unfaithfully repaired or may base-pair with adenine upon replication, resulting in the introduction 
of C→T mutations. (d) CRISPR-X targets mutagenesis to user-defined DNA sequences through 
a targeted guide RNA (gRNA) with a MS2 binding loop that recruits an MS2-AID fusion.50 This 
fusion protein mutagenizes DNA within a relatively narrow window of DNA (10–50 bp), but with 
much higher target specificity than AID alone. (e) Processive mutagenesis methods like TRACE17 
leverage the MutaT716 concept, in which AID is fused to a highly processive T7 polymerase. 
MutaT7 targets genes preceded by the T7 promoter (PT7) and delimited by a terminator 
sequence. 
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Perhaps the most significant obstacle to diversifying genes in mammalia is the immense 

size of the mammalian genome, providing many opportunities for off-target mutations that can 

cheat screening or selection strategies. Unfortunately, many of the highly specific genomic editing 

strategies or commonly used genetic tools that function well in lower organisms do not exist for 

mammalian cells. For example, mammalian plasmids (e.g., latent viruses such as SV4038) and 

mammalian artificial chromosomes,39 both of which facilitate in vivo mutagenesis in bacteria or 

yeast (e.g., in the OrthoRep platform for directed evolution in yeast40), do not nearly approach the 

utility of the corresponding systems in lower organisms. Despite these obstacles, the last five 

years have witnessed the development of a number of targeted mutagenesis strategies that use 

bespoke technologies to address problems presented by the large mammalian genome and other 

aspects of mammalian cell biology.  

1.5.1 Somatic hypermutation. In mammalia targeted mutagenesis occurs naturally in B 

cells during the somatic hypermutation of antibody genes, mediated in part by the mutagenic 

activity of activation-induced cytidine deaminase (AID, Figure 1.4b).41 Cytidine deaminases are 

a class of DNA-damaging enzymes that convert cytosine into uracil (Figure 1.4c). The resulting 

uracil bases may be unfaithfully repaired or may base pair with adenine instead of guanine upon 

replication, thereby introducing C→T mutations throughout targeted gene regions.  

Several groups have taken advantage of AID-mediated mutagenesis to perform 

screening-based directed evoluti on of antibodies42 and fluorescent proteins43 in mammalian cells. 

Often, B cells that naturally express AID are used as a host cell to which genes of interest are 

introduced and continuously mutagenized. Unfortunately, although originally thought to be 

targeted to specific genetic loci, it is now clear that AID induces mutations genome-wide in 

cultured cells, especially at highly transcribed regions.44-45 Supporting this observation, AID 

expression is cytotoxic when highly expressed, requiring researchers to artificially moderate 

expression levels during directed evolution experiments.44 Thus, the need for truly targeted DNA-

damaging enzymes has emerged.  

1.5.2 Deactivated RNA-guided endonucleases paired with DNA-damaging enzymes. 

CRISPR enzymes such as Cas9 are bacteria-derived endonucleases that can be targeted to any 

genomic sequence containing an appropriate protospacer adjacent motif (PAM) using a single 

guide RNA (sgRNA). At an sgRNA-targeted genomic site, the endonuclease induces double-

strand breaks that are commonly repaired by either non-homologous end joining or homology-

directed repair.15  

In principle, the resulting DNA damage can be used to diversify genes of interest for 

directed evolution experiments. Indeed, Cas9-induced in-frame insertions and deletions in 
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targeted oncogenes have been used to generate and enrich drug-resistant protein variants.46-47 

However, non-homologous end-joining is much less likely to generate functional variants than 

homology-directed repair, owing to the high potential for insertions and deletions to induce 

frameshifts and potentially cause early termination. A Cas9-based method that specifically 

promotes homology-directed repair has been used to evolve a red fluorescent protein to function 

in mammalian lysosomes.19 Griesbeck and co-workers inserted a single copy of a mRuby-based 

fluorescent protein into mammalian genomes using the Flp-recombinase/FRT system. Single-

stranded oligonucleotides encoding point mutants were then used as donor templates to promote 

the desired homology-directed repair at five amino acid codons with ~20% efficiency. Using this 

approach, a new variant of mRuby was identified, termed mCRISPRed, that showed stability at 

low pH and proved functional even in mammalian lysosomes. 

Researchers have also sought to develop CRISPR-based mutagenesis methods that 

specifically promote point mutations. Inspired by base editors pioneered by Liu and co-workers,48 

two technologies were developed that combine the DNA-targeting ability of Cas9 with the point 

mutation-inducing activity of wild-type or engineered variants of cytidine deaminases such as AID 

and APOBEC (Figure 1.4d). In an approach termed targeted AID-mediated mutagenesis (TAM), 

Xing and co-workers fused AID to deactivated Cas9 variants (dCas9) that bind, but do not cut, 

specific DNA sequences.49 In a proof-of-principle directed evolution experiment, this dCas9-AID 

fusion was then used to target point mutations to BCR-ABL in K562 cells. Upon passaging cells 

in the presence of imatinib, cells encoding drug-resistant BCR-ABL variants were readily 

enriched. In a related approach, termed CRISPR-X, a cytidine deaminase was fused to the RNA 

aptamer-binding protein MS2. The MS2-AID fusion can be recruited to a desired genetic locus by 

interaction with a dCas9-binding sgRNA that also contains an MS2-binding RNA aptamer 

domain.50 CRISPR-X was used to target mutations to a proteasome subunit in K562 cells to 

generate and identify variants resistant to the proteasome inhibitor bortezomib. These methods 

have also been applied to evolve other endogenous genes, including antibodies.51 Excitingly, the 

advent of additional DNA-damaging enzymes, such as adenosine deaminases,52-53 may expand 

the accessible mutational spectrum using this type of approach for targeted mutagenesis. 

Emerging CRISPR-based tools constitute a major improvement over natural somatic 

hypermutation as a strategy to target point mutations to DNA in mammalian cells. Nonetheless, 

there are still some significant limitations. TAM and CRISPR-X target mutations only to very small 

(~10–50 bp) windows of DNA that surround designed sgRNAs.49-50 These small targeting windows 

mean that many different sgRNAs must be tiled along a gene to mutagenize the entire sequence. 

Critically, some regions may not be accessible owing to the absence of Cas9-specific PAMs.15 
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Further, since repeated rounds of directed evolution result in mutation accumulation, new sgRNAs 

are required as the guide recognition sequences mutate. 

1.5.3 Processive targeted mutagenesis. Bearing in mind the limitations of CRISPR-

based technologies, a new type of strategy for targeted in mammalia mutagenesis was more 

recently developed. Like Cas9, RNA polymerases can be precisely targeted to specific regions of 

DNA. Unlike Cas9, RNA polymerases can be extremely processive. For example, the 

bacteriophage-derived T7 RNA polymerase is able to traverse >10,000 bp of DNA,54 directed by 

the highly-specific T7 promoter. In the Escherichia coli-based MutaT7 system, a T7 polymerase 

was fused to a cytidine deaminase to create a processive, highly targeted mutagenic protein that 

introduces point mutations in vivo in any stretch of DNA downstream of a T7 promoter (Figure 

1.4e).16, 55 The TRACE platform built on this MutaT7 concept to mutagenize specific genes of 

interest directly in mammalian cells.17 TRACE has been used to screen for GFP variants with 

blue-shifted emission spectra in HEK293T cells and to select for MEK variants resistant to small 

molecule inhibitors in A375 cells. 

The high processivity of RNA polymerases permits the mutation of kilobases of DNA 

without significant sequence limitations, such as the availability of PAM sequences or the need to 

synthesize and introduce multiple, custom sgRNAs for each gene of interest during each round 

of evolution. Multiple strategies to terminate T7 polymerase can be used to prevent unwanted 

mutagenesis downstream of the targeted region,16, 56 and installation of a second T7 promoter 

facing the opposite direction of the protein coding sequence allows for the introduction of both 

C→T and G→A mutations.16 Moreover, fusion to other DNA-damaging enzymes, such as 

improved variants of the adenosine deaminases52-53 and a related approach to induce C→G 

transversions57 are beginning to allow expansion of the mutational spectrum of these 

technologies,56 as was also the case in the CRISPR systems. A key limitation of MutaT7-based 

systems, such as TRACE, is that they require installation of a T7 promoter upstream of the gene 

of interest. The significance of this limitation depends largely on whether the user seeks to evolve 

an endogenous gene encoded in its unmodified genomic context.  

1.5.4 Summary. By simplifying the process of mutant library generation and expression, 

the capacity of targeted in mammalia mutagenesis techniques to facilitate multiple rounds of 

directed evolution is potentially transformative. In theory, it is now possible to easily mutagenize 

any gene targeted by an RNA-guided endonuclease or by a T7 polymerase directly in mammalian 

cells. Ultimately, improvements in targeted in mammalia mutagenesis focus only on mutagenesis 

but not on further steps. Directed evolution experiments using these advanced genetic 
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diversification techniques still rely on traditional methods of selection or screening to enrich cells 

encoding desired variants.  

 

1.6 Virus-based continuous directed evolution in mammalian cells 

Despite improvements with in mammalia mutagenesis, a number of issues with typical 

cell-based platforms continue to restrict broad application. First, enrichment of functional variants 

can be limited by the slow rate of replication of mammalian cells, often requiring individual rounds 

of evolution to take a week or longer. Second, assessment techniques limit the types of 

biomolecules that can be evolved. Selection-based methods can only evolve functions that impact 

cell viability, while screening methods require an observable phenotype that can be screened. 

Many valuable targets of directed evolution do not fit easily in either category. 

New implementations of virus-based continuous directed evolution in mammalian cells are 

primed to address these obstacles and have potential to revolutionize the field. The concept of 

virus-based directed evolution is simple: Introduce the gene of interest into the genome of a 

mammalian virus that replicates with low fidelity. Then, implement a selection couple that ties the 

ability of the virus to propagate in mammalian cells to the function of the directed evolution target. 

From there, simply propagating the virus results in the generation and enrichment of desired gene 

variants. In the field of bacteria-based directed evolution, PACE (phage-assisted continuous 

evolution)58 has enabled the rapid and efficient evolution of many diverse protein functions by 

simply coupling the desired protein function to the ability of M13 phage to replicate in E. coli.59 

Analogous mammalian-cell based systems are poised to do the same. 

A number of general principles must be considered when designing a broadly useful virus-

based mammalian directed evolution platform. First, the rate of viral growth is important. Some 

mammalian viruses replicate faster than others or replicate with a larger burst size. However, viral 

replication must not outpace the rate of expression, maturation, and function of the protein of 

interest. Second, platforms should be able to evolve as many genes of interest in as many 

different mammalian cell types as possible. Viruses with large packaging capacities and broad 

tropisms are preferable.60 Third, platforms should be designed with practicability in mind. Virus 

generation, packaging efficiency, and other design features such as visual aids to monitor viral 

propagation should be considered. Lastly, the most important consideration is safety. Many 

laboratory viral strains have built-in safety strategies to prevent their replication in wild-type hosts. 

These strategies include deleting genes non-essential to cell culture,61 using extensive trans-

complementation,62 or developing laboratory-adapted strains that are incapable of producing a 
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replicative infection in organisms. These types of safety features should always be included and 

verified in any mammalian virus-based directed evolution platform.  

1.6.1 mPACE-style platforms for continuous directed evolution in mammalian cells. 

While there exist some intriguing early reports of viral evolution in mammalian cells,63-65 early 

methods are ill-equipped for a broad range of substrates and often have serious safety liabilities. 

The landscape has changed with the reports of two adaptable virus-based directed evolution 

platforms for mammalian cells from our laboratory (see also Chapter 2)25 and from Roth, English, 

and co-workers.26 Both of these mammalian PACE (mPACE)-style platforms rely on custom 

engineering of a virus and a host cell to enable mutagenesis, selection, and amplification to occur 

simultaneously and continuously throughout an evolution experiment. First, essential viral genes 

are deleted from the viral genome (Figure 1.5a). Second, the gene of interest for evolution is 

introduced into the viral genome. Finally, the desired function of the gene of interest is then 

coupled to transcription, translation, or activation of the missing viral proteins in the host cell 

(Figure 1.5b). In this way, viruses that contain active genes of interest are rescued by trans-

complementation and rapidly enrich in the population (Figure 1.5c). Viruses that do not contain 

active genes of interest are not rescued and cannot replicate. Critically, in an mPACE-style 

system, the mammalian cells are replaced after each round of evolution, avoiding the problem 

off-target mutation accumulation. Creativity is required for designing an appropriate selection 

couple, but the success of bacterial PACE highlights the tremendous breadth of functions that 

can be evolved using this type of system, ranging from protein stability to diverse enzymatic 

activities.58, 66-69  

The mPACE-style system introduced by our group, which is discussed in detail in Chapter 

2, employs the double-stranded DNA virus adenovirus to achieve continuous directed evolution 

in ma mmalian cells (Figures 1.5d and 1.5e), with mutations introduced during viral replication 

by a highly error-prone, engineered version of the adenoviral DNA polymerase.25 The second 

mPACE-style system, introduced by Roth, English, and co-workers and termed VEGAS (viral 

evolution of genetically actuating sequences), operates on the same principles but uses the 

single-stranded RNA alphavirus Sindbis (Figures 1.5f and 1.5g) with mutations introduced by the 

endogenous Sindbis replicase.26 Both systems rely on conditional expression of essential viral 

genes to drive selection, either the adenoviral protease (AdProt) or the Sindbis structural genome 

(SSG), respectively, and both mPACE-style platforms demonstrate their potential with proof-of-

principle experiments.  
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Figure 5 (a–b) Mammalian PACE, or mPACE, utilizes two engineered components, a virus and 
a host cell. (a) The engineered virus lacks essential viral genes required for replication, but 
contains an evolving gene of interest. (b) The engineered mammalian cell encodes the deleted 
essential viral genes. Transcription, translation, or the activity of the conditionally trans-
complemented viral genes is coupled to the desired activity of the evolving gene of interest. (c) 
These components combine to create a directed evolution platform, where the activity of a 
biomolecule of interest (BOI) drives viral replication. Over time, viruses encoding active genes of 
interest (GOIs) enrich in the population while viruses with inactive genes of interest do not 
replicate and are depleted. (d–e) Overview of the adenovirus-based mPACE directed evolution 
platform.25 (d) For safety and to clear space for insertion of a gene of interest (GOI) to be evolved, 
the engineered adenoviral genome has the E1 genes, E3 genes, the adenoviral polymerase 
(AdPol), and the adenoviral protease (AdProt) deleted from the wild-type genome. A gene 
encoding a fluorescent protein (FP) is also included to allow for easy visualization of directed 
evolution campaigns and viral titering. (e) E1, AdPol, and AdProt are stably trans-complemented 
by the host cell. The E3 region, which is dispensable in cell culture, is not trans-complemented 
at all to provide an additional safety feature. Mutagenesis of an encoded gene of interest is 
conferred by a constitutively expressed, highly error-prone variant of AdPol (EP-Pol). AdProt 
activity is inducibly coupled to the desired function of the GOI. (f–g) Overview of the Sindbis virus-
based mPACE directed evolution platform (VEGAS).26 (f) Multiple genes are deleted from the 
wild-type Sindbis genome, including the capsid protein, E1, E2, 6K, and E3, known collectively 
as the Sindbis structural genome (SSG). (g) The missing SSG genes are inducibly expressed in 
response to the desired activity of the GOI via a gene cassette introduced by electroporation 
before each round of evolution. Mutagenesis of an encoded gene of interest is conferred by the 
wild-type Sindbis replicase (nsP4; or nonstructural protein 4).  
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Both platforms present distinct advantages. The adenovirus-based system has a number 

of features that enhance ease-of-use, including a fluorescent marker to visualize viral infection 

and compatibility with GatewayTM cloning to introduce genes of interest for evolution. The 

approach is compatible with a small molecule inhibitor70 of the selection marker, AdProt, which 

can be applied to tune the stringency of selection pressure over the course of a directed evolution 

campaign.25 Because adenovirus contains a double-stranded DNA genome, this system is also 

compatible with the targeted mutagenesis techniques discussed earlier. The system includes 

multiple distinct safety features to prevent production of a replication-competent virus. Three 

separate genetic regions are trans-complemented, decreasing the chance that a viable virus can 

be created. In addition, the E3 region essential for replication in living organisms is deleted and 

not trans-complemented at all. Lastly, adenovirus has an unusually broad tropism, allowing 

application in a vast array of different mammalian cell types.71 

VEGAS also has unique advantages. Sindbis virus can be generated more quickly than 

adenovirus and is readily compatible with ex mammalia-diversified libraries. Sindbis has a faster 

replication cycle than adenovirus, ~4 hours for Sindbis versus ~24 hours for adenovirus, 

accelerating iterative rounds of evolution. Roth and co-workers estimate a mutation rate of 4 × 

10–4 mutations per base per replication, whereas the adenoviral system has a lower estimated 

rate of 4 × 10–5 mutations per base per replication. It is important to balance useful mutation rates 

with mutational error catastrophe and so it is difficult to know the best mutation rate a priori—a 

single mutation is sufficient to render tTA fully functional yet inhibitor-insensitive25 whereas the 

consensus tTA variant from VEGAS had 47 mutations—but a higher mutation rate is often 

valuable. More significant than the mutation rate, Roth, English, and co-workers report a largely 

unbiased mutational spectrum for the Sindbis replicase. It is noteworthy in this regard, however, 

that evolved sequences produced by VEGAS show an extremely high percentage of A→G 

transitions, including 46 of 47 reported mutations in the consensus sequence from the tTA 

evolution experiment—an observation that appears inconsistent with unbiased mutagenesis.26  

1.6.2 Summary. Amongst all mammalian cell-based directed evolution platforms, virus-

based continuous directed evolution platforms provide the largest library sizes, fastest 

experimental timescales, and allow, in principle, for the broadest range of biomolecules to be 

evolved. These mPACE-style techniques would still greatly benefit from additional features to 

improve scope and efficiency. First, current mPACE selection schemes only allow for positive 

selection, which may lead to poly-specific, promiscuous, or even constitutive activity. Developing 

negative selection schemes would allow the evolution of specific protein activity or environment-

dependent protein activity, such as in the presence of a small molecule, in a particular cell type, 
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or in a particular genetic background. Second, implementing fully continuous mPACE systems 

may increase library size, accelerate experimental timescales, and reduce researcher effort. 

Third, mutations are currently driven entirely by error-prone viral polymerases. The result is both 

some bias in mutational spectra as well as continual mutagenesis of the viral genome, which may 

eventually cause error catastrophe. Finally, published mPACE directed evolution campaigns all 

rely on direct transcriptional couples. Demonstration of adaptability to other types of couples that 

evolve non-transcription-related activities is essential. 

Although there is more work to be done, virus-based directed evolution in mammalian 

cells presents a quantum leap over previous in mammalia evolution methods, providing 

simultaneous mutagenesis, selection, and enrichment on rapid timescales. As has proven readily 

achievable in bacterial PACE, mPACE-style approaches are likely to enable the evolution of 

targets previously unattainable by other screening or selection-based methods. The two platforms 

presented here therefore lay the groundwork for new discoveries and innovative applications in 

mammalian cells.  

 

1.7 Conclusion 

 In conclusion, recent years have shown exciting progress in the development of new 

methods for directed evolution in mammalian cells. Initial studies that used ex mammalian 

mutagenesis and screening or selection methods have since been supplanted by higher 

throughput and more adaptable methods, particularly due to the innovations in in mammalia 

mutagenesis and the invention of new virus-based continuous methods. These newly developed 

methods for directed evolution in mammalian cells present a flexible and powerful solution to the 

problem of engineering new protein functionalities in mammalian cells.  

In this thesis, I will discuss the development and application of our platform toward the 

evolution of new protein classes. In Chapter 2, I discuss the development of our virus-based 

continuous directed evolution platform, from conception to proof-of-principle evolution 

experiments. In Chapter 3, I discuss our efforts adapting our platform toward the directed 

evolution of G-protein coupled receptors. In Chapter 4, I discuss our efforts adapting our platform 

toward the directed evolution of CRISPR systems. In Chapter 5, I present a perspective on the 

future of mammalian cell-based directed evolution, including a wide range of impactful targets to 

pursue.  

Just as directed evolution has revolutionized protein engineering in bacteria and yeast, 

the new methods presented here are poised to revolutionize protein engineering in mammalian 

cells. Both the challenges and the successes presented in this work can inform researchers 
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looking to use directed evolution in their own research, and may provide inspiration for a new 

generation of researchers who wish to look beyond the status quo to explore new frontiers of 

protein engineering.   
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Chapter 2: A method for continuous directed 
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2.2 Summary 

The discovery and optimization of biomolecules that reliably function in metazoan cells is 

imperative for both the study of basic biology and the treatment of disease. We describe the 

development, characterization, and proof-of-concept application of a platform for directed 

evolution of diverse biomolecules of interest (BOIs) directly in human cells. The platform relies on 

a custom-designed adenovirus variant lacking multiple genes, including the essential DNA 

polymerase and protease genes, features that allow us to evolve BOIs encoded by genes as large 

as seven kilobases while attaining the mutation rates and enforcing the selection pressure 

required for successful directed evolution. High mutagenesis rates are continuously attained by 

trans-complementation of a newly engineered, highly error-prone form of the adenoviral 

polymerase. Selection pressure that couples desired BOI functions to adenoviral propagation is 

achieved by linking the functionality of the encoded BOI to the production of adenoviral protease 

activity by the human cell. The dynamic range for directed evolution can be enhanced to several 

orders of magnitude via application of a small-molecule adenoviral protease inhibitor to modulate 

selection pressure during directed evolution experiments. This platform makes it possible, in 

principle, to evolve any biomolecule activity that can be coupled to adenoviral protease expression 

or activation by simply serially passaging adenoviral populations carrying the BOI. As proof-of-

concept, we use the platform to evolve, directly in the human cell environment, several 

transcription factor variants that maintain high levels of function while gaining resistance to a 
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small-molecule inhibitor. We anticipate that this platform will substantially expand the repertoire 

of biomolecules that can be reliably and robustly engineered for both research and therapeutic 

applications in metazoan systems. 

 

2.3 Introduction 

Directed evolution methodologies have transformed our ability to generate biomolecules 

with improved or novel functionalities.1-6 The vast majority of directed evolution experiments are 

performed in acellular environments, bacteria, or yeast. While these strategies have yielded many 

successes, they also frequently lead to products that fail to function optimally when later 

introduced into complex metazoan systems. The evolved functions can be derailed by off-target 

interactions, poor protein folding or stability, pleiotropic outputs, or other serious problems that 

arise because the biomolecules were discovered and optimized in overly simplistic 

environments.7-9 This frontier challenge could be most directly addressed by leveraging the 

human cell itself as the design, engineering, and quality control factory for directed evolution-

mediated biomolecule discovery and optimization. 

Prior to the development of this platform, strategies for directed evolution in human cells 

relied almost entirely on screens or cytotoxic cell-based selections to identify active biomolecule 

variants (see Chapter 1).10 These prior methods severely limit library sizes, the number of cycles 

of evolution, and the scope of biomolecules that can be evolved. To solve these problems, a 

broadly useful human-cell-based directed evolution platform requires several critical features: (1) 

large mutational libraries expressed in the human cell; (2) selection schemes providing a broad 

dynamic range for selection and minimal opportunities for cheating; (3) capacity to evolve multiple 

biomolecule functions; (4) applicability across multiple cell types; and (5) ideally, a minimal need 

for experimenter intervention during evolution experiments. 

Inspiration for such a platform can be drawn from prior efforts coupling biomolecule 

function to viral replication using HIV11 or bacteriophage.12 However, HIV-based strategies suffer 

from an inability of the virus to propagate under strong selection pressure or in most cell types 

and raise safety concerns surrounding large-scale HIV culture. The M13 bacteriophage used in 

phage-assisted continuous evolution provides large mutational libraries and enables rapid rounds 

of selection and mutagenesis for biomolecules carrying out diverse functions, but only permits 

directed evolution in bacterial cells. 
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Figure 2.1 Human-cell-based directed evolution platform overview. (a) Schematic of an 

engineered adenovirus type 5 vector in which genes for adenoviral polymerase (AdPol) and 

protease (AdProt) are removed and a gene encoding the biomolecule of interest (BOI) for directed 

evolution is introduced, as well as a fluorescent protein (FP) for visualization during infection. (b) 

Schematic of engineered human cells constitutively expressing a highly error-prone AdPol 

(termed EP-Pol) and conditionally expressing AdProt at levels directly dependent on BOI activity. 

(c) Schematic for adenoviral-based directed evolution of BOIs in human cells: (i) The BOI is 

delivered into the human cell via adenoviral infection. (ii) EP-Pol introduces mutations into the 

BOI gene, generating a mutational library. (iii) The desired BOI function is coupled to the 

expression or activity of AdProt such that (iv) only functional BOI variants result in viral 

propagation. (v) If the BOI variant is non-functional, AdProt is not expressed or active, and the 

adenovirus encoding that variant is outcompeted. 
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With these parameters and challenges in mind, we aimed to devise a broadly useful 

human cell-based directed evolution platform. We rationalized that adenovirus type 5 would be a 

practical vector for directed evolution of biomolecules in human cells, owing to its genetic 

tractability and broadly infectious nature in many human cell types.13-14 Furthermore, decades of 

research have shown that adenovirus tolerates an extremely wide range of transgenes, ensuring 

broad applicability of an adenovirus-based platform to diverse directed evolution targets. 

Conceptually, if the replication of a highly mutagenic adenovirus somehow depended on the 

activity of a biomolecule of interest (BOI) encoded in the adenoviral genome, then a simple 

directed evolution scheme for evolving diverse BOI functions in human cells could be feasible. 

To achieve this concept, we first deleted the essential adenoviral DNA polymerase (AdPol) 

and protease (AdProt) genes from an adenoviral genome that also encoded the BOI for evolution 

(Figure 2.1a). The resulting adenovirus deletion variant is incapable of replication outside 

engineered human cells. We trans-complemented the missing AdPol by constitutive expression, 

within human cells, of a newly designed, highly mutagenic AdPol variant to enable the generation 

of large mutational libraries during viral replication. AdProt expression in the human cells was 

then engineered to depend conditionally upon BOI function (Figure 2.1b). Directed evolution 

experiments in this system rely on simply serially passaging the BOI-encoding adenovirus while 

mutagenesis and selection continuously occur (Figure 2.1c). 

Here, we present the key features of this new platform, including mutagenesis, selection, 

and enrichment parameters. We further demonstrate the platform’s utility via proof-of-concept 

directed evolution experiments in which we evolved, directly in the human cell environment, 

multiple transcription factor variants that maintained high levels of function while gaining 

resistance to a small-molecule inhibitor. Altogether, we believe that this platform holds significant 

potential to not only enable the development of new research tools, but also enhance our 

understanding of metazoan evolutionary biology and our ability to rapidly generate and optimize 

biomolecular therapeutics. 

 

2.4 Results 

2.4.1 Mutagenesis. Adenovirus type 5 relies on its own DNA polymerase, AdPol, for 

replication of its double-stranded DNA genome.15 The high-fidelity AdPol has an estimated 

mutation rate of ∼1.3 × 10−7 mutations per base per viral passage, based on deep sequencing 

experiments performed by Sanjuán and co-workers.16 Such a low mutation rate is insufficient to 

generate the large library sizes necessary for laboratory time-scale directed evolution. We 
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therefore sought to increase the mutation rate of adenovirus by engineering a highly mutagenic 

variant of AdPol. 

Previous studies identified two amino acid substitutions in AdPol, F421Y and D827A, that 

separately increase the mutation rate of AdPol, likely through distinct mechanisms (Figure 

2.2a).17 In the ϕ29 bacteriophage polymerase,18 an AdPol homologue, the amino acid analogous 

to F421 occurs in the proofreading exonuclease domain, suggesting that the F421Y AdPol variant 

may have weakened proofreading capacity. The amino acid analogous to D827 occurs in the 

fingers domain involved in selection of incoming nucleotides, again suggesting a possible 

mechanism for the reduced fidelity of D827A AdPol. We reasoned that combining these two 

substitutions to create the F421Y/D827A AdPol double mutant, which we termed error-prone 

AdPol (or EP-Pol), would allow us to further increase the mutation rate while still supporting robust 

adenovirus propagation. 

To test this hypothesis, we first used recombineering19 to inactivate the AdPol gene 

encoded by the adenovirus type 5 genome via an internal deletion. Next, we stably transduced 

HEK293A cells with an HA-tagged version of either wild-type AdPol or EP-Pol. We observed that 

ΔAdPol adenoviruses (CFP.ΔAdPol.GFP, where CFP and GFP correspond to cyan and green 

fluorescent protein, respectively) propagated only on cells that expressed EP-Pol in trans (Figure 

2.2b). Furthermore, we observed that EP-Pol and wild-type AdPol both supported robust ΔAdPol 

adenovirus replication. 
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Figure 2.2 An error-prone adenoviral polymerase induces mutations throughout the 

adenoviral genome. (a) Crystal structure of the ϕ29 DNA polymerase (PDB ID 1XHZ),18 an 

AdPol homologue, with the locations of homologous mutations used to create EP-Pol shown in 

magenta. (b) Either parental HEK293A cells or cells constitutively expressing EP-Pol were 

infected with a GFP-encoding ΔAdPol adenovirus (CFP.ΔAdPol.GFP). The virus propagated only 

on EP-Pol trans-complementing cells. (c) ΔAdPol adenovirus (AdGLΔPol) was serially passaged 

on EP-Pol expressing cells for 10 passages, after which a 6.5 kb genomic fragment was amplified 

from a ∼27 clone pool. Illumina sequencing identified mutations throughout the amplified region. 

For substitution values, see Table 2.1. (d) Mutational spectrum of EP-Pol evaluated by next-

generation sequencing. 
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We next assessed the mutation rate endowed by EP-Pol. After passaging ΔAdPol 

adenovirus (AdGLΔPol) on EP-Pol trans-complementing human cells for 10 serial passages, we 

deep sequenced a 6.5 kb region of the genome obtained from a pool of about 27 viral clones 

(Figure 2.2c and Table 2.1). This sequencing revealed a mutation rate of 3.7 × 10−5 mutations 

per base per passage. As the adenoviral genome is ∼36 kb, this mutation rate indicates that EP-

Pol introduced ∼1.3 mutations into the genome per infected cell per passage. Moreover, EP-Pol 

displayed a broad mutational spectrum, including both transitions and transversions (Figure 

2.2d). 

Previously, the same sequencing procedure was carried out for wild-type AdPol.17 

Because only one mutation introduced by wild-type AdPol was detected across two separate trials 

in that experiment, it was not possible to define an actual mutation rate for wild-type AdPol. In 

contrast, 60 mutations and 13 insertions were observed for EP-Pol. Compared to the previously 

reported mutation rate of wild-type AdPol determined by another method,20 however, the mutation 

rate of EP-Pol is enhanced ∼280-fold. Thus, EP-Pol greatly increases the number of mutations 

introduced per viral passage. On the basis of these analyses, the mutation rate of adenovirus 

passaged in the presence of EP-Pol is similar to that of highly mutagenic RNA viruses that can 

readily evolve on laboratory time scales.16, 21-22 

We next estimated the lower limit of the library size in a given passage (or “round”) of 

directed evolution using EP-Pol. A typical round of directed evolution might reasonably involve 

infecting 3.0 × 108 human cells at a low MOI. Each round of directed evolution could conclude 

once 100% of the cells (∼3.0 × 108 cells) are infected. Because ∼1.3 mutations are introduced 

per cell per replication, and because there is at least one replication in each round of evolution 

since the infection occurs at low MOI, we estimate that there are ∼4 × 108 adenoviral variants 

after one passage. Assuming a typical 1 kb gene encoding the BOI comprises ∼1/30 of the 

engineered adenoviral genome, there would be ∼1.3 × 107 variants of the BOI in the population 

after one round of evolution. This calculation is a lower limit because it does not account for any 

genetic diversity at the beginning of each round. Regardless, even this conservative estimate 

indicates that we can generate virtually all single, many double, and some triple mutants in a 

typical BOI in a single round of evolution. Notably, the mutations are continuously introduced 

instead of requiring in vitro mutagenesis physically separated from selection and propagation 

steps. 
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Table 2.1 Substitution values of an error-prone adenoviral polymerase. 

Estimated number of 

clones sequenced 

Size of the region 

sequenced and analyzed 

(bp) 

Substitution load 

per million bp 

Substitutions per Ad 

genome per viral 

generation 

27.3* 6020 365 1.31** 

* Viral pool size was estimated based on intra-experiment titrations during pool preparations 
**Assuming a genome size of 36 kb and that 27.3 genomes were sequenced. Each of the 10 passages was 
defined as a generation. 
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2.4.2 Selection. Our next objective was to design an appropriate selection scheme 

capable of coupling BOI activity to adenoviral propagation. After extensive testing of assorted 

adenoviral genes, we developed such a scheme based on deleting the gene for adenoviral 

protease (AdProt) from the viral genome and then providing AdProt in trans from the human host 

cell.23 AdProt has vital functions in viral uncoating, DNA replication, viral maturation, and cell 

entry.24-25 Importantly, AdProt is a “late gene” expressed mainly after DNA replication of the 

adenoviral genome.25 Because AdProt is not required in the early stages of infection, BOI variants 

can be generated by mutagenesis before selection pressure is applied during a given infection. 

We began by testing whether AdProt trans-complementation could be achieved in the 

context of an adenovirus already requiring AdPol trans-complementation. We stably expressed 

AdProt in an AdPol-expressing cell line, termed “producer” cells (Table 2.2). Next, we monitored 

the progress of an adenovirus infection of ΔAdProtΔAdPol adenovirus on AdPol-expressing 

versus AdPol- and AdProt-expressing cells. We observed that only the cell line constitutively 

expressing both AdProt and AdPol supported robust replication of ΔAdProtΔAdPol adenovirus 

(Figure 2.3). Thus, host cell expression of AdPol and AdProt can successfully support the 

replication of an AdPol- and AdProt-deleted adenovirus, permitting both the facile production of 

ΔAdProtΔAdPol adenoviruses and providing a potential mechanism to impart selection pressure 

in a directed evolution experiment. 

We next evaluated the capacity of this AdProt complementation strategy to confer 

sufficient selection pressure to drive a directed evolution workflow. For this purpose, we 

performed a competition experiment on a model BOI, the tetracycline (tet) transactivator (tTA).26-

28 Wild-type tTA (tTAwt) binds its endogenous operator, with a consensus sequence of 5′-

CCTATCAGTGATAGA-3′, to induce downstream gene transcription. A tTA variant (tTAmut) that 

is incapable of binding to the endogenous operators has also been reported.28 tTAmut instead 

possesses enhanced affinity for the mutant 5′-CCCGTCAGTGACGGA-3′ operator. We 

engineered ΔAdProtΔAdPol adenoviruses that expressed either tTAwt and mCherry 

(tTAwt.mCherry) or tTAmut and GFP (tTAmut.GFP). We then stably transduced AdPol-

expressing HEK293A cells with a lentiviral vector that provided AdProt under control of the 

endogenous tTA operator (termed “selector” cells, Table 2.2). In this cell line, tTAwt.mCherry 

adenovirus should be able to strongly induce AdProt and propagate, whereas tTAmut.GFP should 

not induce AdProt and therefore should not form infectious virions. Because these viruses express 

different fluorescent markers, relative viral populations can be assessed using flow cytometry 

upon infection of human cells that do not express AdProt to prevent propagation and therefore 

more accurately quantify the resulting viral populations. 
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Table 2.2 Table of cell lines. 

Cell line Polymerase Transgene cassette 

Producer AdPol CMV.AdProt 

Mutator EP-Pol CMV.AdProt 

Selector EP-Pol TRE3G.AdProt 

Phenotyping AdPol TRE3G.eGFP 

Note: All cell lines were derived from HEK293A cells. 
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Figure 2.3 Double trans-complementation of adenoviral polymerase and adenoviral 

protease. ∆AdProt∆AdPol adenovirus was used to infect HEK293A cells, AdPol-expressing 

cells, or producer cells (Table 2.2) at a low multiplicity of infection (<0.5). The infection was 

monitored over 10 days. The parental HEK293A cells showed no visible sign of infection, likely 

because without AdPol expression the copy number of the CFP gene was too low in the cell to 

easily visualize fluorescence with laboratory microscopes. The AdPol-expressing cells showed a 

strong CFP signal indicating a robust infection, however the infection did not spread owing to a 

lack of AdProt. In contrast, the producer cells trans-complementing both AdPol and AdProt were 

able to support a spreading infection, with every cell in the plate infected by day 10.  
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To test our hypothesis that AdProt induction could enable enrichment of active over 

inactive BOI variants, we co-infected tTAwt.mCherry and tTAmut.GFP using a total MOI of ∼0.25 

in selector cells at initial ratios of 1:100 or 1:1000 (Figure 2.4a). We then performed three serial 

passages on selector cells and analyzed the resulting viral populations via infection of AdPol-

expressing but AdProt-lacking HEK293A cells followed by flow cytometry. In the initial passage, 

the tTAwt.mCherry adenovirus was enriched at least 40–50-fold over the tTAmut.GFP adenovirus 

(Figure 2.4b). Furthermore, across three rounds of passaging, the tTAwt.mCherry adenoviruses 

were consistently enriched to >90% of the adenoviral population regardless of the starting ratios. 

Thus, our AdProt-based selection strategy can rapidly enrich active BOIs that are initially present 

at low frequency in a viral population. 

We next applied this tTA-based genetic circuit to evaluate the dynamic range of AdProt 

selection. Our approach was to employ an allosteric inhibitor of tTA, doxycycline (dox), to tune 

AdProt expression levels. In the presence of dox, tTA is unable to bind its target operator and 

induce AdProt expression. Using this approach, on the basis of AdProt transcript levels, we were 

able to access up to a 14-fold change in AdProt expression (Figure 2.4c). Notably, we observed 

a strong correlation between dox concentration and viral titer over this entire order of magnitude 

range (Figure 2.4d). 

We note that there is likely to be an upper bound to the number of active AdProt molecules 

required for replication, at which point additional AdProt induction will not result in greater viral 

replication. As a result, selection pressure would be low for any evolved BOIs that are able to 

induce AdProt above the upper bound. A small-molecule inhibitor of AdProt could provide a way 

to dynamically tune selection pressure to reduce AdProt activity below the upper limit as a given 

directed evolution experiment proceeds. Indeed, when we challenged tTAwt.mCherry-infected 

cells with various concentrations of the vinyl sulfone AdProt inhibitor shown in FIGURE 2.4e,29 we 

found that the inhibitor could reduce the resulting infectious titer of the tTAwt.mCherry virus up to 

650-fold, providing ready access to a dynamic range of selection pressure between 2 and 3 orders 

of magnitude in size. Moreover, we observed that the AdProt inhibitor even further reduced 

infectious titer in the presence of dox (Figure 2.4e), highlighting the capacity of AdProt inhibition 

to strengthen the selection pressure at a variety of baseline AdProt expression levels. Notably, 

the vinyl sulfone AdProt inhibitor was not toxic at the concentrations used (Figure 2.4f). 
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Figure 2.4 Competition experiment between virally encoded active and inactive genes of 

interest. (a) Schematic of the competition experiment between adenoviruses that carry the gene 

for wild-type tetracycline transactivator (tTAwt.mCherry) versus viruses that carry inactive tTA 

(tTAmut.GFP). HEK293A cells stably encoding the gene for adenoviral protease (AdProt) under 

control of the endogenous tTA operator (termed “selector” cells, Table 2.2) were infected at an 

initial ratio of 1:100 or 1:1000 tTAwt.mCherry to tTAmut.GFP viruses. Viral media were serially 

passaged onto a new plate of cells for three rounds. The viral populations were then determined 

via flow cytometry. (b) Quantification of flow cytometry data from the competition experiment. The 

proportion of tTAwt.mCherry adenoviruses relative to tTAmut.GFP adenoviruses rapidly 

increased with each passage. The initial ratio of the 1:1000 sample (labeled N.D., not detectable) 

was not experimentally quantifiable owing to the low amount of tTAwt.mCherry adenovirus 

present and was therefore derived via dilution of the 1:100 initial ratio. (c) AdProt transcript levels 

were analyzed by qPCR in selector cells 2 days after transfection with pTet-Off Advanced. AdProt 

transcript levels normalized to untransfected selector cells. (d) Titer of tTAwt.mCherry adenovirus 

resulting from infection of selector cells treated with varying amounts of doxycycline (dox). Titers 

are reported as “infectious units/mL” defined as the number of fluorescent cells per mL of viral 

supernatant used during the titering infections. (e) AdProt-based selection pressure in 

combination with administration of a small-molecule AdProt inhibitor (structure shown) provides 

access to an orders of magnitude wide dynamic range of selection pressure. tTA-inducible AdProt 

cells were infected with tTAwt.mCherry adenovirus and treated with a combination of doxycycline 

(dox) and the AdProt inhibitor. The resulting viral supernatant was titered by flow cytometry. Titers 

were normalized to infections performed in the absence of the AdProt inhibitor. The titer of the 

adenovirus resulting from treatment with 20 μM AdProt inhibitor and 2 nM dox was too low to be 

accurately detected (N.D., not detectable). 
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2.4.3 Directed evolution of functional, drug-resistant tTA variants in human cells. 

We next sought to test the feasibility of actually evolving BOI function in human cells using this 

platform. For proof-of-concept, we aimed to evolve tTA variants that retained transcription-

inducing activity but gained resistance to their small-molecule inhibitor, dox. Specifically, we 

serially passaged our tTAwt.mCherry virus in the presence of dox in selector cells that inducibly 

expressed AdProt under control of the endogenous tTA operator. We maintained a low initial 

multiplicity of infection (∼0.05) to minimize the probability that viruses encoding distinct tTA 

variants would co-infect the same cell, at least at an early stage of each passage. Co-infections 

could result in “hitchhiking,” in which low-fitness variants can be temporarily maintained in the 

population by infecting the same cell as high-fitness variants. Such hitchhikers could slow the 

pace of selection. We transferred viral supernatant to fresh cell plates upon the appearance of 

spreading infection, with the goal of selecting for viruses that encode functional, but dox-resistant, 

tTA variants. 

We ran two evolution experiments in parallel (trials 1 and 2) with different selection 

pressure strategies (Figure 2.5a). In trial 1, we tuned the selection pressure over time, increasing 

the dox concentration from 2 nM to 20 μM. In trial 2, we kept the selection pressure constant and 

high by maintaining the dox concentration at 200 nM. To test whether dox-resistant tTA variant 

enriched in the population, we used the viral media from each passage in trial 1 to infect a 

“phenotyping” cell line (Table 2.2) containing GFP under control of the endogenous tTA operator 

in the presence of dox. The phenotyping cell line lacked AdProt, allowing the virus to infect the 

cells and induce GFP expression but not to proliferate. We measured GFP induction by the viral 

population harvested after each serial passage in the presence of 20 μM dox in these phenotyping 

cells using flow cytometry (Figure 2.5b). Substantial dox-resistant tTA activity emerged by 

passage 5, suggesting that dox-resistant variant(s) of tTA may have arisen and enriched in the 

viral population. 
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Figure 2.5 Proof-of-principle directed evolution experiment. (a) Serial-passaging schemes 

for evolving functional tTA variants that gain dox resistance in human cells. Two approaches to 

selection pressure were used, either with increasing dox concentrations (trial 1) or with a 

constant, moderate dox concentration (trial 2). (b) tTA-induced GFP expression in the presence 

of dox after each round of evolution for trial 1. Phenotyping cells were infected with passaged 

viral populations and analyzed by flow cytometry. The percentage of infected GFP-positive cells 

at each passage in the presence of dox was normalized to the percentage of infected GFP-

positive cells at each passage in the absence of dox. N.D. = not detectable owing to low viral 

titer. (c–d) Non-reference allele frequencies for all mutations observed at ≥1% frequency over 

the course of the directed evolution experiment for (c) trial 1 and (d) trial 2. A schematic of the 

sequenced amplicon is shown below the x-axis for reference.  
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Figure 2.6 Mutational trajectories of proof-of-principle evolution experiments. (a) 

Mutational trajectories of four mutations identified in trial 1, including two non-coding mutations 

in the CMV promoter upstream of the tTA gene. (b) Mutational trajectories of four abundant 

mutations identified in trial 2, including two non-coding mutations in the CMV promoter upstream 

of the tTA gene. (c) Plasmids encoding the tTA variants fixed in trials 1 and 2 were transfected, 

along with the pLVX-TRE3G.eGFP reporter plasmid, into HEK293A cells with or without dox. Two 

days later, flow cytometry was performed to examine tTA variant activity in the presence versus 

the absence of 20 μM dox. 
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We next examined whether mutations in the tTA gene contributed to this decreased dox 

sensitivity. We amplified and sequenced a 1.75 kb region of the adenoviral genome containing 

the tTA open reading frame from virus harvested at each passage during both trials. Using this 

approach, we detected >200 unique mutations that attained ≥1% frequency by passage 4 in trial 

1, even though promoter activity at passage 4 was still undetectable (Figure 2.5c). In trial 2, 43 

mutations attained ≥1% frequency by passage 4 (Figure 2.5d). By passage 5, a single amino 

acid substitution in tTA attained >70% frequency in the viral population in both trials (E147K in 

trial 1 and H100Y in trial 2), rapidly becoming fully fixed in the population thereafter (Figure 2.6a–

b). Both mutations observed were previously reported to confer dox resistance in tTA,30 which we 

further confirmed through transient co-transfection of a plasmid encoding GFP under control of 

the endogenous tTA operator along with wild-type, E147K, or H100Y tTA-encoding plasmids into 

HEK293A cells in the presence or absence of dox (Figure 2.6c). Additional mutations that were 

also previously reported to confer dox resistance were also observed at >10% frequency early in 

the directed evolution experiment (H100Y in trial 1 and G102D in trial 2). 

In trial 2, we also analyzed the possible effects of hitchhikers on the enrichment of active 

variants. Our approach was to harvest the adenovirus at two different time points: (i) either early, 

when ∼75% of the cells were infected and co-infection was minimized, or (ii) very late, after full 

cytopathic effect was achieved and most cells were likely to be co-infected. We found that even 

under very high co-infection conditions (late harvest), dox-resistant variants continued to enrich, 

possibly even more than under low co-infection conditions (Figure 2.7). Thus, co-infection did not 

hinder the enrichment of active variants. 

These results highlight both the different outcomes that can result from repeated evolution 

experiments and the capacity of our platform to explore sequence space in human cells. 

Additionally, we were able to evolve biomolecules using two different selection pressure protocols 

(gradually increasing pressure or constant, high pressure). In summary, our directed evolution 

protocol can successfully generate and rapidly enrich functional BOI variants in human cells, 

merely by serial passaging of a BOI-encoding adenovirus. 
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Figure 2.7 Comparison of early and late harvesting protocols. Comparison of mutation 

frequencies in trial 2 using the early harvesting protocol and late harvesting for each passage 

after full CPE was attained. Five doxycycline-resistant variants that reached a frequency of 1% 

by passage 4 are shown. 
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Figure 2.8 Demonstration of multiple additional selection circuits. (a) Selection circuit 

designed for AdProt-based selection of Cre recombinase activity. A floxed SV40-polyA terminator 

signal prevents transcription of AdProt unless Cre deletes the terminator by recombination at 

target loxP sites. (b) Selection circuit designed for AdProt-based selection of leucyl-tRNA 

synthetase (LeuRS) activity. A premature amber stop codon (TAG) prevents translation of full-

length AdProt unless LeuRS charges an amber-anticodon tRNA with leucine (pink) and 

suppresses the amber stop codon. (c) Cells were transfected with either a constitutive protease 

control (no selection, AdProt.FLAG), the Cre-recombinase circuit ((LoxP)2Term.AdProt), or the 

LeuRS circuit (AdProt(STOP)) with the relevant tRNAs (pLeu-tRNA.GFP(STOP)). Transfected 

cells were then infected with ∆AdProt.adenovirus carrying tTA (control, tTAwt.mCherry), Cre 

(Cre.Ad), or LeuRS (LeuRS.Ad). The infections were allowed to progress for four days before 

they were harvested and titered by flow cytometery. Titers are provided in infectious units per 

milliliter. N.D. indicates that the control virus was not detected after passaging on the synthetase 

selection circuit. 
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2.4.4 Design of alternative selection circuits. In the interest of highlighting the utility of 

our platform beyond the directed evolution of transcription factors, we sought to demonstrate how 

alternative selection circuits could be used to evolve different types of functions. We created two 

new selection circuits for a user-defined recombinase activity and aminoacyl-tRNA synthetase 

activity (Figure 2.8a,b).31-32 We transfected both the Cre-recombinase (Cre; Figure 2.8a) and 

leucyl-tRNA synthetase (LeuRS; Figure 2.8b) AdProt selection circuits into HEK293A cells 

expressing AdPol and then monitored the replication of AdProt-deleted adenoviruses expressing 

Cre, LeuRS, or a control, inactive BOI (tTA). For the recombinase circuit, we found that the Cre-

containing adenovirus replicated >20-fold better than a control adenovirus (Figure 2.8c). For the 

aminoacyl-tRNA synthetase circuit, we observed the LeuRS-containing adenovirus was able to 

replicate, while the control adenovirus could not replicate to detectable levels (Figure 2.8c). All 

adenoviruses replicated robustly on a control circuit that constitutively expressed protease. These 

data indicate that our platform can be easily adapted to select for desired recombinase and 

aminoacyl-tRNA synthetase activities. 

 

2.5 Discussion 

We report here the development, characterization, and proof-of-principle application of a 

highly adaptable platform for directed evolution of diverse BOI functions in human cells. In this 

platform, human cells are infected by a BOI-encoding adenovirus lacking the essential AdProt 

and AdPol genes (Figure 2.1c). A newly engineered, highly error-prone variant of AdPol, EP-Pol, 

constitutively expressed by the human cells, replicates the adenoviral genome. The resulting 

error-prone DNA replication introduces mutations into the BOI gene at a high rate, thereby 

continuously generating mutant libraries for selection. BOI variants are then expressed during 

viral infection of the human cell and continuously tested for activity via a selection couple in which 

functional BOI variants induce higher levels of AdProt activity stemming from an AdProt gene 

cassette installed in the human cells. Because AdProt activity is linked to the virus’s capacity to 

propagate, functional BOI variants are continuously enriched in the evolving viral population, 

whereas non-functional BOI variants result in non-viable virions that cannot propagate. 

Application of the platform is straightforward, such that genes encoding a BOI can be 

integrated into the adenoviral genome using Gateway cloning,33 followed by plasmid transfection 

into a producer cell line that constitutively expresses both AdPol and AdProt to generate a starter 

adenovirus population (Figure 2.9). Directed evolution then simply involves serial passaging of 

the adenovirus on user-defined “selector cells”. 
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Figure 2.9 A generalized scheme for directed evolution in mammalian cells. A gene 

encoding a biomolecule of interest (BOI) is first inserted into pAdEvolve. “Producer” cells are 

used to generate ΔAdProtΔAdPol adenoviruses carrying the BOI gene. If desired, the BOI gene 

can be mutated prior to selection by first passaging the adenovirus on a “mutator” cell line 

constitutively expressing EP-Pol. A “selector” cell line tailored to the activity of interest is 

generated by the researcher, followed by serial passaging of viral supernatants on the selector 

cells. 
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In developing this platform, we chose to use adenovirus rather than a natively mutagenic 

RNA virus owing to adenovirus’s relative safety, broad tropism, ease of manipulation, and 

capacity to propagate even under strong selection pressure. The adenoviruses used for directed 

evolution experiments were E1-, E3-, AdPol-, and AdProt-deleted. All of these genes are required 

for adenoviral replication in the wild. Thus, the safety of working with these adenovirus deletion 

variants is maximized as they can only replicate in human cells that provide essential genes in 

trans and cannot replicate in unmodified human cells.17, 23, 34 Moreover, the removal of this large 

portion of the adenoviral genome means that genes as large as ∼7 kb can potentially be 

introduced and evolved in our platform. The broad tropism of adenovirus13 is beneficial because 

it means that directed evolution experiments can, in principle, be performed in many different 

human cell types depending on the objective of a particular experiment. Finally, from a genome 

engineering perspective, our optimized recombineering protocols allow the necessary facile 

manipulation of the adenoviral genome.19, 35 

Despite the manifold benefits of the choice to use adenovirus, we faced a significant 

challenge because both wild-type and even the previously reported error-prone AdPol variants17 

are relatively high fidelity and therefore unlikely to enable the creation of mutational libraries at a 

sufficiently high rate to support continuous directed evolution of novel BOIs. To address this issue, 

we engineered EP-Pol, a highly mutagenic AdPol variant that pushes the adenoviral mutation rate 

into the regime of RNA viruses such as HIV and influenza that are well-known to rapidly evolve 

on laboratory time-scales.22, 36-37 We used trans-complementation of EP-Pol via constitutive 

expression in the host cell to prevent reversion to wild-type AdPol that could occur if we modified 

an adenovirally encoded AdPol gene, thereby ensuring that mutagenic activity remains at a 

constant, high level throughout directed evolution experiments. We note that the optimized EP-

Pol mutagenesis system may have applications beyond our directed evolution system. For 

instance, EP-Pol could be used to more rapidly assess resistance pathways to treatment of 

adenovirus infections or to improve the properties of adenovirus for therapeutic purposes.17, 38 

This mutagenesis approach does introduce mutations into the adenoviral genome outside 

the gene for the BOI that can potentially be negatively selected and consequently reduce the 

library size. The 6.5 kb genomic region we sequenced (Figure 2.2c) was chosen because it 

contained both protein coding regions necessary for adenoviral replication and non-coding 

regions that should not face severe selection pressure. Comparing these domains across the 

sequenced region, we observed only a 2-fold difference between the mutation rate in the 

inactivated AdPol gene, which should not be under any selection pressure in our trans-
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complementing system, and that in the neighboring pIX, IVa2, and pTP genes, suggesting that 

such selection only impacts our mutation rate at most 2-fold. 

Because AdPol selectively replicates only adenoviral DNA, EP-Pol can only introduce 

mutations into the adenoviral genome. This mutagenesis technique thus represents an 

improvement over other strategies that evolve genes directly in the human genome. In such 

strategies, off-target mutations can arise through basal or through enhanced mutagenesis rates, 

which can subvert selection pressure and generate false positives. Furthermore, even recent 

mutagenesis methods that target specific genes within the human genome by using somatic 

hypermutation39-40 or Cas9-fusion proteins41-43 still display significant off-target genetic 

modification.39-40, 44-45 Especially given the large size of the human genome, many pathways to 

cheating selection may be available. Our use of an orthogonal replication system means that the 

human host cells are discarded and replaced with each passage, preventing mutation 

accumulation in the human cell that could potentially cheat selection pressure. As a result, false 

positives are restricted to the ∼30 kb viral genome, providing much more limited escape options 

than might be found in the entire human genome. This advantage, combined with the more rapid 

expansion of adenovirus relative to human cells allowing a larger number of directed evolution 

rounds in a given time period, highlights the ability of our platform to quickly scan mutational space 

with minimal risk of selection subversion. 

We found that AdProt can serve as a robust selectable marker for adenovirus-mediated 

directed evolution in human cells. As an enzyme with catalytic activity, we might not expect AdProt 

to exhibit a large dynamic range of selection. However, we observed that AdProt was able to 

modulate viral titers ∼10-fold in response to protease levels. Importantly, we also showed that a 

small-molecule inhibitor of protease could be easily used to further enhance this dynamic range 

to several orders of magnitude. It is noteworthy that the AdProt inhibitor may also be employed to 

actively fine-tune selection stringency over the course of a directed evolution experiment, simply 

by modulating the compound’s concentration in cell culture media. 

We note that one theoretical cheating pathway could be recombination of the AdProt gene 

from the human cell genome into the adenovirus genome. However, we designed the adenovirus 

genome to lack any significant homology with the AdProt gene, greatly minimizing the risk of 

AdProt recombination. We did not observe AdProt reintroduction in any of our experiments. 

We used the AdProt-based selection strategy to evolve transcriptionally active variants of 

tTA that gained dox resistance. Across two replicates of the experiment, two different tTA variants 

ultimately fixed in the population, both of which were indeed dox-resistant. We also observed a 

large number of lower frequency mutations at various passages above our 1% threshold for 
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detection. The observation of these variants suggests that our platform is effectively screening 

sequence space for a selective advantage, particularly as the vast majority of mutations are 

unlikely to ever attain a frequency of 1% in the evolving viral population. 

While this proof-of-concept experiment specifically highlights how AdProt-based selection 

could be used to evolve transcription factors, the platform should be readily generalizable to 

evolve a variety of other biological functions. We demonstrated how our system can enable 

directed evolution of DNA recombinases and aminoacyl-tRNA synthetases. Beyond just these 

selection circuits, examples of the necessary selection couples already exist for an assortment of 

other protein classes, including TALENs,46 proteases,47 protein–protein interactions,48 RNA 

polymerases,12, 49 Cas9,50 GPCRs,51 and beyond. Indeed, a context where this platform should 

prove particularly valuable will be the evolution of complex activities like these, requiring multiple 

adaptive mutations not readily accessible via traditional transformation of plasmid libraries into 

human cells. 

Looking forward, we envision a number of improvements that would further enhance this 

platform’s practicability and applicability. The current system relies on serial passaging of 

adenovirus on adherent cells. Transitioning to suspension cells would enable variant libraries 

several orders of magnitude larger than we can currently explore. The integration of emerging 

targeted mutagenesis techniques, such as MutaT752 or CRISPR-X,42 could further focus 

mutations only to the BOI gene, increase the library size, and ensure sustained high mutation 

rates. Additionally, the present system is only capable of positive selection. Implementation of a 

negative selection strategy would enable our platform to evolve biomolecules that are more 

selective and specific for a given activity. We note that phage-assisted continuous evolution in 

bacteria can afford larger library sizes, in addition to dynamic selections that occur on the order 

of hours, not days.12 While adenovirus-mediated directed evolution explores mutational space 

more slowly than phage-assisted continuous evolution, it makes possible similar experiments in 

the metazoan cell environment for the first time. Moreover, our system will allow for the continuous 

evolution of complex proteins that require significant time to reach their active state and therefore 

may not be possible to evolve using viruses, such as some RNA viruses, that replicate extremely 

rapidly. Thus, the platform provides a compelling option in any situation where the evolution of 

optimal BOI variants is unlikely to succeed in simpler systems. 

 

2.6 Concluding Remarks 

Our platform offers several advantages relative to extant strategies for human cell-based 

directed evolution that rely on time-intensive screens and extensive in vitro manipulations. The 
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use of adenovirus allows researchers to continuously mutate, select, and amplify genes of interest 

by simply transferring viral supernatant from one cell plate to the next. Owing to this simple viral 

passaging protocol, library sizes are restricted only by a researcher’s tissue culture capacity. 

Cheating is minimized because mutations are specifically directed to the viral genome. Safety is 

maximized because the adenoviruses used lack multiple genes required for replication in the wild. 

Moreover, the user-defined nature of the selector cell and the broad tropism of adenovirus type 5 

enable directed evolution to be performed in a diverse array of human cell types. 

By making it possible for researchers to evolve diverse BOI functions in the same 

environment in which the BOIs are intended to function, we believe this human cell-based directed 

evolution platform holds significant potential to enable researchers to rapidly evolve a wide variety 

of biomolecules in human cells. Thus, this method should impact not just the development of new 

tools for research, but also our understanding of metazoan evolutionary biology and our ability to 

rapidly generate effective biomolecular therapeutics. 

 

2.7 Materials and Methods 

2.7.1 Cloning methods. All PCR reactions for cloning and assembling recombineering 

targeting cassettes were performed using Q5 High-Fidelity DNA Polymerase (New England 

BioLabs). Restriction cloning was performed using restriction endonucleases and Quick Ligase 

from New England BioLabs. Adenoviral constructs were engineered using ccdB recombineering, 

as previously described30  and further optimized by our laboratory.19 Primers were obtained from 

Life Technologies and Sigma-Aldrich (Table 2.3). The tripartite leader sequence (TPL) gene block 

was obtained from Integrated DNA Technologies (Table 2.3).  

2.7.2 Cell culture. Cells were cultured at 37 °C and 5% CO2(g). New cell lines were 

derived from a parent HEK293A cell line (Thermo Fisher) and cultured in Dulbecco’s modified 

Eagle’s medium (DMEM; Cellgro) supplemented with 10% fetal bovine serum (FBS; Cellgro), 1% 

penicillin–streptomycin (Cellgro), and 1% L-glutamine (Cellgro). For assays involving the 

tetracycline (Tet)-dependent transcriptional activation system (directed evolution of dox 

insensitivity, promoter activity assays, and reverse genetics), Tet-approved FBS (Takara Bio) was 

used. The producer and mutator cell lines were cultured in 50 μg/mL hygromycin (Thermo Fisher) 

to stably maintain transgenes, while the selector and phenotyping cell lines were cultured in 1 

μg/mL puromycin (Corning) for the same purpose. 
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Table 2.3 Table of primers. 

Name Sequence 

BamHI.AdProt.Forward 5′-aaaaaaggatccaccatgggctccagtgag-3′ 

SalI.AdProt.Reverse 5′-aaaaagtcgacttacatgtttttcaagtgacaaaaagaag-3′ 

TPL.GA.Forward 5′-atcgcctggagaattcactctcttccgcatcgct-3′ 

TPL.GA.Reverse 5′-ctcactggagcccattgcgactgtgactggttag-3′ 

TPL Gene Block 
5′-aaaaaagaattcactctcttccgcatcgctgtctgcgagggccagctgttgggctcgcggttgaggacaa 
actcttcgcggtctttccagtactcttggatcggaaacccgtcggcctccgaacaggtactccgccgccgagggacctgagcgagtccgcatcgaccggatcgg
aaaacctctcgagaaaggcgtctaaccagtcacagtcgcaggatcctttttt-3′ 

Tight.AdProt.GA.Forward 5′-atgggctccagtgagcag-3′ 

Tight.AdProt.GA.Reverse 5′-gaattctccaggcgatctg-3′ 

NotI.TPL.AdProt.Forward 5′-aaaaaagcggccgcactctcttccgcatcg-3′ 

XbaI.TPL.AdProt.Reverse 5′-aaaaaatctagattacatgtttttcaagtgacaaaaagaag-3′ 

TPL.AdProt.GA.Forward 5′-tggagaaggatccgcactctcttccgcatcgct-3′ 

TPL.AdProt.GA.Reverse 5′-atctagagccggcgcttacatgtttttcaagtgacaaaaagaag-3′ 

NotI.eGFP.Forward 5′-aaaaaaagcggccgccgccaccatggtgag-3′ 

EcoRI.eGFP.Reverse 5′-aaaaaagaattccggccgctttacttgtac-3′ 

NotI.mCherry.Forward 5′-aaaaaagcggccgcgcaccatggtgagcaag-3′ 

XhoI.mCherry.Reverse 5′-aaaaaactcgagactacttgtacagctcgtccatg-3′ 

SalI.TTA.Forward 5′-aaaaaagtcgacatgtctagactggacaagagcaaag-3′ 

BamHI.TTA.Reverse 5′-aaaaaaggatccttacccggggagcatgtcaagg-3′ 

NotI.TPL.Forward 5′-aaaaaagcggccgcactctcttccgcatcg-3′ 

XbaI.AdProt.Reverse 5′-aaaaaatctagattacatgtttttcaagtgacaaaaagaag-3′ 

pENTR1A.AdProt.FLAG.Forward 5′-taatctagacccagctttcttgtacaaagttggcattataag-3′ 

pENTR1A.AdProt.FLAG.Reverse 
5′-agaaagctgggtctagattacttatcgtcgtcatccttgtaatccatgtttttcaagtgacaaaaagaagt 
ggcg-3′ 

LoxP2Term.GA.Forward 5′-agtcgactggatccggtaccgccgcatcaacgagctc-3′ 

LoxP2Term.GA.Reverse 5′-gagagtgcggccgcgaattcgaggcccagagggtacc-3′ 

pENT.AdProt.GA.Forward 5′-gaattcgcggccgcac-3′ 

pENT.AdProt.GA.Reverse 5′-ggtaccggatccagtcgac-3′ 

L8.STOP.Forward 5′-cagtgagcaggaatagaaagccattgtcaaagatcttggttgtgg-3′ 

L8.STOP.Reverse 5′-ctttgacaatggctttctattcctgctcactggagcccattg-3′ 

E1.kanccdB.Forward 
5′-atacaaaactacataagacccccaccttatatattctttcccacccttaaccctcatcagtgccaacatag 
taag-3′ 

E1.kanccdB.Reverse 5′-aataagaggaagtgaaatctgaataattttgtgttactcatagcgcgtaaccgctcattaggcgggc-3′ 

Cre.kanccdB.Forward 5′-tggaactaatcatatgtggcctggagaaacagctaaagtgcgaaagcggcccgctcattaggcgggc-3′ 

Cre.kanccdB.Reverse 
5′-cgcgaacaaatgtggtatggctgattatgatcctctagagataattctagccctcatcagtgccaacatag 
taag-3′ 

E1.CMV.Promoter.Forward 
5′-atacaaaactacataagacccccaccttatatattctttcccacccttaagccacgcccacagatatacgc 
gttgacattg-3′ 

E1.bGH.polyA.Reverse 5′-aataagaggaagtgaaatctgaataattttgtgttactcatagcgcgtaatagaagccatagagcccac-3′ 

E4.kanccdB.Forward 
5′-caaaaaacccacaacttcctcaaatcgtcacttccgttttcccacgttacccctcatcagtgccaacatag 
taag-3′ 

E4.kanccdB.Reverse 5′-agtaacttgtatgtgttgggaattgtagttttcttaaaatgggaagtgacccgctcattaggcgggc-3′ 

E4.SV40.Promoter.Forward 
5′-caaaaaacccacaacttcctcaaatcgtcacttccgttttcccacgttacttctgtggaatgtgtgtcagtta 
ggg-3′ 

E4.SV40.polyA.Reverse 
5′-agtaacttgtatgtgttgggaattgtagttttcttaaaatgggaagtgacctctagctagaggtcgacggta 
tac-3′ 

Pol.kanccdB.Forward 
5′-tcccgcgcttcttggaactttacattgtgggccacaacatcaacggccctccctcatcagtgccaacatag 
taag-3′ 

Pol.kanccdB.Reverse 5′-ggcacctcggaacggttgttaattacctgggcggcgagcacgatctcgtcccgctcattaggcgggc-3′ 

delPol.Forward 
5′-gcgcggccttccggagcgaggtgtgggtgagcgcaaaggtgtccctgaccatgaccagcatgaagg 
gcacgagctgcttcccaaaggcccccatccaag-3′ 

delPol.Reverse 
5′-cttggatgggggcctttgggaagcagctcgtgcccttcatgctggtcatggtcagggacacctttgcgctc 
acccacacctcgctccggaaggccgcgc-3′ 

AdProt.kanccdB.Forward 
5′-ggcaacgccacaacataaagaagcaagcaacatcaacaacagctgccgccccctcatcagtgcca 
acatagtaag-3′ 

AdProt.kanccdB.Reverse 5′-tacaaataaaagcatttgcctttattgaaagtgtctctagtacattatttccgctcattaggcgggc-3′ 

delAdProt.Forward 
5′-ggcaacgccacaacataaagaagcaagcaacatcaacaacagctgccgccaaataatgtactaga 
gacactttcaataaaggcaaatgcttttatttgta-3′ 

delAdProt.Reverse 
5′-tacaaataaaagcatttgcctttattgaaagtgtctctagtacattatttggcggcagctgttgttgatgttgcttg 
Cttctttatgttgtggcgttgcc-3′ 
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2.7.3 Generation of cell lines by lentiviral transduction. In a typical protocol, ∼9 × 106 

HEK293FT cells (Thermo Fisher) were plated on a poly-d-lysine-coated 10 cm plate. The next 

day, the cells were co-transfected with plasmids from a third-generation lentiviral packaging 

system: 15 μg of RRE, 6 μg of REV, 3 μg of VSVG, and 15 μg of transfer vector using 60 μL of 

Lipofectamine 2000 (Thermo Fisher). Cultures were maintained in 5 mL total volume of Opti-MEM 

(Gibco) during the transfection. After 8 h, the medium was exchanged for fresh DMEM. After 48 

h, the medium was harvested and centrifuged for 5 min at 3200 × g to clear the cell debris. The 

supernatant was used to transduce HEK293A cells supplemented with 4 μg/mL Polybrene 

(Sigma-Aldrich). After 24 h, the medium was exchanged for fresh DMEM. After an additional 48 

h, the medium was exchanged again for DMEM containing appropriate antibiotics to select stable 

cell lines. 

2.7.4 Adenovirus production. Adenoviruses were produced by transfecting a PacI (New 

England BioLabs)-linearized vector into appropriate trans-complementing HEK293A cells. A 24 

μg sample of PacI-linearized adenovirus vectors mixed with 144 μL of polyethylenimine 

(Polysciences) in 1 mL of Opti-MEM (Gibco) was added to a 15 cm plate of producer cells (∼3 × 

107 cells). The medium was replaced 8 h post-transfection and then intermittently replaced every 

2–3 days until plaques were observed (typically ∼3 weeks). Once plaques were detected, full 

cytopathic effect was observed in all cells within 5 days. Upon complete cytopathic effect, the 

cells and media were harvested and subjected to three freeze/thaw cycles. The cell debris was 

removed by centrifugation at 3200 × g for 15 min and the supernatant was stored at −80 °C. 

2.7.5 Mutagenesis rate determination. The mutagenic potential of AdPol variants was 

evaluated following a previously reported protocol.17 Briefly, a polymerase-deleted adenovirus 

type 5, AdGLΔPol, was subjected to 10 serial passages on cultures of 911 cells53 expressing EP-

Pol to accumulate mutations. After 10 serial passages, 911 cells expressing wild-type AdPol were 

infected in duplicate six-well plates at ∼50 plaque-forming units/well to amplify pools of 50 viral 

clones for sequencing. On the basis of a plaque assay of one of the duplicates (which was overlaid 

with agarose), the actual number of plaque-forming viral clones in the pool obtained from the other 

duplicate (which was not overlaid with agarose) was estimated to be ∼27. Using pools of 50 or 

fewer clonal viruses ensured that mutations present in only one clone would be present at a 

frequency above the threshold of detection. From the ∼27-clone viral pool, a 6.5 kb fragment was 

amplified and prepared for deep sequencing. Libraries were subjected to 32 cycles of single-read 

sequencing by an Illumina Genome Analyzer II. Using the short-read analysis pipeline SHORE,54 

these reads were mapped against the reference sequence, allowing up to two mismatches or 

gaps, after which low-quality base calls within the obtained mappings were individually masked. 
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Mutations were subsequently scored using a minimal variant frequency requirement of 0.25% and 

a minimal local sequencing depth requirement of 1200 for both the forward and the reverse read 

mappings. Previous experiments showed that these settings were able to account for sequencing 

errors and accurately score mutations.17 

2.7.6 AdPol and AdProt trans-complementation assays. The day before beginning the 

assay, a six-well plate was seeded with ∼1 × 106 of the indicated cells. The next day, individual 

wells were infected with the indicated adenoviruses at a low MOI (<0.5) to permit observation of 

the presence or absence of a spreading infection. EP-Pol trans-complementation was tested by 

monitoring CFP.ΔAdPol.GFP adenovirus infection on EP-Pol-expressing HEK293A cells. 

Pictures were taken with an Olympus U-TB190 microscope. AdProt and AdPol double trans-

complementation was tested by monitoring ΔAdProtΔAdPol adenovirus infection on producer 

cells. Pictures were taken with a Nikon Eclipse TE200 microscope. 

2.7.7 Determining adenoviral titer by flow cytometry. Adenoviral titers were 

determined through flow cytometry. Known volumes of AdPol- and AdProt-deleted viral 

supernatants were added to AdPol-expressing HEK293A cells. Two to three days post-infection, 

the cells were washed once with medium, stained with 0.2 μg/mL DAPI (4′,6-diamidino-2-

phenylindole, Thermo Fisher), and then analyzed on a BD LSR II analyzer for fluorescent protein 

expression. Infectious titers were determined by measuring the percentage of cells infected by a 

known volume of virus. To minimize counting cells that were infected by more than one virus and 

to minimize any background fluorescence, data were only considered if they fell within the linear 

range, which typically encompassed samples where 1–10% of the cells were infected. 

2.7.8 Competition experiments. A confluent dish of ∼15 million selector cells was 

infected with either a 1:100 or 1:1000 mixture of tTAwt.mCherry:tTAmut.GFP adenovirus. The 

plates were monitored for the appearance of spreading infection, defined by fluorescent plaques, 

every 24 h. One day after the observation of spreading infection, 1 mL of medium was transferred 

to a new semi-confluent dish (∼1 × 107 cells) of selector cells for the next passage, and 2 mL of 

medium was stored at −80 °C for later analysis. To analyze the relative amounts of each virus 

present after each passage, we measured the relative adenoviral titers by flow cytometry (see 

above). The ratio of tTAwt.mCherry and tTAmut.GFP viruses was determined by taking the ratio 

of cells expressing only mCherry and only GFP. 

2.7.9 AdProt inhibitor experiments. A confluent 12-well plate of selector cells (∼4 × 105 

cells/well) was infected with tTAwt.mCherry adenovirus (MOI ≈ 5). After 4 h, the cells were washed 

with PBS (Corning), and the AdProt inhibitor was added at the indicated concentrations (0, 1, and 

20 μM) in the absence or presence of 2 nM doxycycline (dox; Sigma-Aldrich). After 6 days, the 
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medium and cells were harvested and subjected to three freeze/thaw cycles and analyzed by flow 

cytometry (see above). 

2.7.10 AdProt inhibitor toxicity assay. A 96-well plate of HEK293A cells was treated 

with the AdProt inhibitor at concentrations up to 20 μM for 5 days. A CellTiter-Glo luminescent 

cell viability assay (Promega) was performed according to the manufacturer’s instructions. 

Readings were normalized to the 0 μM AdProt inhibitor samples. 

2.7.11 RT-qPCR on selector cells. A confluent 12-well plate of selector cells (∼ 4 × 105 

cells/well) was transfected with 1.25 μg of the pTet-Off Advanced vector (Takara Bio) using 7.5 

μL of polyethylenimine (Polysciences) and 100 μL of Opti-MEM. Two days later, the cells were 

harvested and the RNA was extracted using an E.Z.N.A. total RNA kit (Omega Bio-Tek). cDNA 

was prepared from 1 μg of purified RNA using a high-capacity cDNA reverse transcription kit 

(Applied Biosystems). qPCR analysis for AdProt (Table 2.3; primers: AdProt.Forward and 

AdProt.Reverse) and the housekeeping gene RPLP2 (Table 2.3; primers: RPLP2.Forward and 

RPLP2.Reverse) was performed on a LightCycler 480 II (Roche). AdProt transcript levels were 

normalized to untransfected selector cells. 

2.7.12 Dox dose–response experiment. A confluent 24-well plate of selector cells (∼1.5 

× 105 cells/well) was infected with tTAwt.mCherry adenovirus (MOI ≈ 5). After 4 h, the cells were 

washed with DMEM (Corning) and dox was added at the indicated concentrations (0, 0.02, 0.1, 

0.2, 1, or 2 nM). After 5 days, the medium and cells were harvested and subjected to three 

freeze/thaw cycles, followed by analysis of titers using flow cytometry. 

2.7.13 Continuous evolution workflow. Before initiation of directed evolution, 500 μL of 

a tTAwt.mCherry adenovirus was amplified on mutator cells to create a diverse viral population. 

After 5 days, full cytopathic effect was observed in all cells. This amplified virus was harvested 

with three freeze/thaw cycles. Three 15 cm semi-confluent dishes of selector cells (∼1 × 107 

cells/plate) were infected with 250, 500, or 1000 μL of the amplified virus in the presence of dox. 

The plates were monitored for plaques every day. If more than one plate displayed a plaque on 

the same day, the plate with the lowest volume of virus added was used for the next round of 

evolution. The day after a plaque was observed, typically every 4–8 days, three 15 cm semi-

confluent dishes of selector cells were again infected in the presence of dox. The three dishes 

were infected with 250, 500, or 1000 μL of adenovirus-containing medium from the previous round 

by direct transfer without a freeze/thaw step. A 2 mL volume of medium was saved in Eppendorf 

tubes and stored at −80 °C for future analysis. In trial 2, an additional medium harvest was 

performed after a full cytopathic effect was observed. In trial 1, the concentration of dox was 



72 
 

increased to 200 nM at passage 7 and then to 20 μM in passages 8–12. In trial 2, the 

concentration of dox was held constant at 200 nM for all seven passages. 

2.7.14 Measuring promoter activity of viral populations. To follow changes in promoter 

activity developing during trial 1, phenotyping cells were plated in a 96-well plate at ∼40000 

cells/well. The next day, 30 μL of medium from passages 1–12 was used to infect two rows of the 

96-well plate. Medium was removed 5 h post-infection and replaced with medium containing 0 or 

20 μM dox. The cells were then analyzed by flow cytometry (see above for sample preparation) 

for simultaneous expression of mCherry, indicating that the cell was infected, and GFP, indicating 

that the promoter was activated by the tTA protein. 

2.7.15 Next-generation sequencing of evolved tTA variants. Using a viral DNA 

isolation kit (NucleoSpin Virus; Macherey-Nagel), DNA was harvested from 200 μL of the medium 

that was saved after each round of evolution. A 1.75 kb region of DNA encompassing the CMV 

promoter and the tTA gene was PCR-amplified from 1 μL of the harvested DNA for 20 rounds of 

amplification using 5′-ctacataagacccccaccttatatattctttcc-3′ and 5′-

agcgggaaaactgaataagaggaagtgaaatc-3′ forward and reverse primers, respectively. The resulting 

PCR product was purified and prepared for Illumina sequencing via the Nextera DNA Library Prep 

protocol (Illumina). A 250 bp paired-end sequencing was performed on a MiSeq (Illumina). 

Sequencing reads were aligned to the amplicon sequence, which was derived from the 

tTAwt.mCherry adenovirus sequence using bwa mem 0.7.12-r1039 [RRID:SCR_010910]. Allele 

pileups were generated using samtools v1.5 mpileup [RRID:SCR_002105] with flags -d 10000000 

--excl-flags 2052, and allele counts/frequencies were extracted. (56,57) Each position within the 

tTA gene and CMV promoter had at least 1000-fold coverage. 

2.7.16 Reverse genetics of tTA variants. HEK-293A cells were seeded in a 12-well plate 

at ∼4 × 105 cells/well. The next day, 0.2 μg of the pBud.tTA.mCherry vector was co-transfected 

with 1 μg of the pLVX-TRE3G.eGFP vector using 7.2 μL of polyethylenimine (Polysciences) and 

100 μL of Opti-MEM. After 8 h post-transfection, medium was exchanged, and 20 μM dox was 

added. After 48 h post-transfection, the cells were analyzed by flow cytometry (see above for 

sample preparation). Promoter activity was calculated on the basis of the mean fluorescence 

intensity of GFP fluorescence, backgated for only mCherry-expressing cells. 

2.7.17 Testing of recombinase and synthetase selection circuits. HEK-293A cells 

expressing AdPol were plated at 3.5 × 105 cells/well in a 12-well plate. The next day, 1 μg of the 

plasmid for each circuit ((LoxP)2Term.AdProt, AdProt(STOP), or AdProt.FLAG as a positive 

control) was transfected into six wells of a 12-well plate using 6 μL of polyethylenimine in 100 μL 

of Opti-MEM. For the AdProt(STOP) circuit, 0.5 μg was co-transfected with 0.5 μg of pLeu-
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tRNA.GFP(STOP). The medium was changed 4 h post-transfection. The next day, transfected 

wells were infected with either the relevant BOI virus (Cre.Ad for (LoxP)2Term.AdProt, and 

LeuRS.Ad for AdProt(STOP)) or TTAwt.mCherry as a negative control at an MOI of 5. The cells 

were washed three times with medium 3 h post-infection. After 4 days, the medium and cells were 

harvested and subjected to three freeze/thaw cycles, followed by analysis of titers using flow 

cytometry. 
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3.1 Author contributions 

Samuel J. Hendel, Amanuela A. Mengiste, and Matthew D. Shoulders designed the 

experiments. S.J.H. and A.A.M. performed the cloning, virus and cell line engineering, 

characterization assays, directed evolution experiments. Sequencing data was analyzed by 

Vincent L. Butty at the BioMicroCenter at MIT. 

 

3.2 Identifying targets to evolve with our directed evolution platform 

3.2.1 A framework for choosing targets. In Chapter 2, I described the development of 

a virus-based continuous directed evolution platform for mammalian cells. Our next task was to 

move beyond proof-of-principle by evolving high valued, never-before-evolved targets directly in 

mammalian cells.  

Adapting our virus-based directed evolution experiments toward new targets requires 

engineering and characterization steps. While there are limitless targets for which directed 

evolution in mammalian cells would be impactful, practicability limits the number of independent 

targets that can be meaningfully pursued in parallel. Furthermore, some target families are more 

impactful than others, often those that are important for human health or are the target for 

therapeutics. Lastly, our directed evolution platform evolution would be particularly useful for 

evolving targets which have been evolved in lower organisms and the evolved products have 

failed to function properly in mammalian cells (see Chapter 1). Careful analysis of which directed 

evolution targets to pursue is essential to maximizing the probability of success and the relative 

impact of any directed evolution campaign. 

In assessing both the impact and practicality of evolving proteins in mammalian cells, three 

criteria can be useful to assess which directed evolution targets should be pursued: 

1. Successful evolution would impact the study of mammalian biology or the treatment of 

disease. 

2. The selection circuit should be applicable to a broad class of evolvable activities.  

3. Directed evolution of the desired activities in lower organisms is impossible or insufficient. 

Mammalian cells present unique challenges. Successfully evolving a particular target in 

our system requires careful engineering of a mammalian host cell with a robust selection circuit 

for continuous directed evolution, which can be notoriously difficult. Moreover, the large genomes 

and the relative inefficiency of mammalian cell-compatible genome editing technologies makes 

engineering selections in mammalian cells even more challenging. Therefore, creating a selection 

circuit that has the broadest applicability possible will maximize the potential impact of the 

engineering effort.  
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Mammalian cells also present unique opportunities. Mammalian cells have numerous 

sophisticated signaling pathways that are not present in lower organisms. Creating selection 

circuits based on endogenous pathways in mammalian cells can allow a target to be evolved in 

conjunction with crucial intracellular activities. Furthermore, endogenous signal transduction 

pathways in mammalian cells often overlap, involving the same secondary messengers upon 

activation of a different pathways. 

3.2.2 GPCRs: An ideal target class for directed evolution in mammalian cells. G-

protein coupled receptors (GPCRs) are an ideal target class for directed evolution in mammalian 

cells. From their diverse functions to their importance to human health, GPCRs present exciting 

and vast opportunities for a directed evolution campaign. 

GPCRs are seven-transmembrane receptors that transmit myriad extracellular signals into 

physiological responses (Figure 3.1a, b).1-2 The largest class of membrane proteins in the human 

genome and the third largest class overall, GPCRs are ubiquitous in the nervous and immune 

systems3 and play vital roles in our senses of smell,4 and taste,5 and sight.6 Although the roughly 

800 GPCRs in the human genome7 are predicted to share broadly similar structural features, they 

can be activated by a huge diversity of perturbations, from proteins and hormones to ions and 

photons.  

Studying GPCR-based signaling has yielded crucial insights into the development of 

therapeutics.3 GPCRs are the targets of ~34% of FDA approved pharamaceuticals (as of 2017),8 

including those that treat hypertension, allergies, and chronic pain. Furthermore, studying 

mutations in GPCRs can provide crucial insights into the function of GPCRs. Naturally occurring 

mutations9 within GPCR genes can cause disease,10 and pharmacogenomic testing of GPCRs 

can inform pharmaceutical treatment using a personalized medicine approach. Although 

structural studies of GPCRs are notoriously challenging, new advances in cryo-EM techniques 

are now elucidating complex GPCR functionalities and enabling improved GPCR engineering.11 

Engineered GPCRs play an important role in biomedical research.12 GPCRs engineered 

to respond to new ligands go by many names, including receptors activated solely by synthetic 

ligands (RASSLs), therapeutic receptor-effector complexes (TRECs), neoceptors, and designer 

receptors exclusively activated by designer drugs (DREADDs).13 One of the most widely-used 

systems is a DREADD engineered from the human M3 receptor (hM3R) to be activated by 

clozapine-N-oxide (CNO; Figure 3.1c).14 This DREADD, termed hM3D, is activated by CNO, an 

otherwise pharmalogically inert derivative of clozapine, which is a ligand for hM3R and other 

GPCRs. DREADDs that bind CNO are widely used, particularly to study complex neurological 

processes with spatiotemporal control.15-16 
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Figure 3.1 Overview of GPCR structure and function. (a) G protein-coupled receptors 
(GPCRs) are membrane proteins involved in numerous signal transduction pathways. GPCRs 
have an extracellular N-terminal domain, seven transmembrane domains (TM1–7), three 
extracellular loops (ECL1–3), three intracellular loops (ICL1–3), and an intracellular C-terminal 
domain. (b) Perturbagens such as drugs most commonly impact GPCR function through 
agonism, inverse agonism, and antagonism, although other modes of activation such as allosteric 
regulation may also occur. (c) GPCRs can be engineered to respond to synthetic ligands, such 
as designer receptors exclusively activated by designer drugs (DREADDs).14 Clozapine is an 
agonist for wild-type human M3 receptor (hM3R); however, clozapine-N-oxide (CNO) is not an 
agonist for hM3R or any other human GPCR. The first DREADD, hM3D, is variant of hM3R that is 
activated upon treatment with CNO but responds to neither clozapine nor acetylcholine, the 
natural agonist of hM3R. (d) One major problem with CNO is that it is converted to clozapine in 
vivo. Clozapine then can act throughout the body on wild-type targets such as hM3R and other 
GPCRs.19 
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However, currently available engineered GPCRs have several undesirable properties 

(Figure 3.1d).17 CNO has difficulty penetrating the blood-brain barrier,18 requiring researchers to 

use high concentrations of the water-insoluble CNO in vivo to observe proper effects. The 

problems associated with the use of high concentrations of water-insoluble ligands are 

compounded by the fact that CNO has been shown to be metabolized into clozapine in vivo.19 

Clozapine, as opposed to CNO, does accumulate in the brain20 and can activate multiple 

endogenous GPCRs.21 Other engineered GPCRs show similar problems, such as low activity or 

poor expression in mammalian cells,22 leading the field to search for new and improved 

technologies.23 

Directed evolution of GPCRs had previously been performed in yeast, particularly for the 

development of hM3D. However, the directed evolution campaign to produce the first DREADDs 

created numerous evolved variants that functioned properly in yeast but failed to retain their 

functionality in mammalian cells.14, 24 Furthermore, although yeast have two endogenous GPCRs 

in their genome,25 the GPCR signaling network in yeast is much less complex than mammalian 

systems26 and does not contain the numerous downstream signaling components necessary for 

function in mammalian cells. 

Evolving GPCRs directly in mammalian cells would solve the problems of yeast-based 

directed evolution, and could tremendously benefit GPCR research. Receptors could be designed 

to be activated by truly pharmacologically inert ligands, to have higher affinity to a given designer 

ligand, to attain higher activity, or to activate GPCR pathways for which there are currently no 

engineered GPCRs. Furthermore, even the simplest evolution of evolving uninduced or 

constitutive activity would yield important biochemical information9, 27-28 into GPCR structure and 

mechanisms of activation.9 
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Figure 3.2 Molecular biology of GPCR signaling pathways. (a) GPCRs are in equilibrium 
between active and inactive conformations. (b) Canonically, when an agonist or perturbation 

pushes this equilibrium toward the GPCR’s active state, a heterotrimeric G complex is 

enabled to interact with the active GPCR to promote nucleotide exchange in the G subunit. The 

GTP-bound G subunit will dissociate from the heterotrimeric complex and activate downstream 

effectors.  



83 
 

3.3 Directed evolution of GPCRs using adenovirus-based directed evolution 

3.3.1 Molecular biology of GPCRs. Canonically,2 GPCRs function as allosteric 

membrane proteins, such that they exist in an equilibrium of active and inactive conformations 

(Figure 3.2a). As opposed to inactive conformations, active conformations promote the binding 

of intracellular transducers, including heterotrimeric guanine nucleotide binding proteins (G 

proteins; Figure 3.2b).29 Heterotrimeric G proteins consist of one , one , and one  subunit, of 

which there are 18, 5, and 12 different genes in humans, respectively. When in the active 

conformation, a GPCR can bind the G protein heterotrimer and induce an allosteric change that 

increases the G rate of exchange of GDP and GTP. Once bound to GTP, the G subunit 

dissociates from the G subunit and interacts with downstream effector proteins. After an active-

state lifetime ranging from milliseconds to minutes, the G subunits hydrolyze the bound GTP to 

form GDP, which inactivates the G subunit and promotes the reconstitution of the G 

heterotrimer. Notably, there are counterexamples to this generalized pathway—active GPCRs 

can also interact with arrestins and other intracellular factors30 and agonists can affect GPCR 

allostery without affecting agonist binding or downstream effectors.31 Furthermore, G 

heterodimers likely have important roles in signaling, although elucidating the roles of specific G 

and G subunits has proven challenging.  

Acknowledging these important considerations, GPCR signaling pathways are largely 

defined by the G subunit that is activated by the GPCR and the effector protein that is associated 

with the active G subunit. These effector proteins influence downstream pathways by changing 

the concentration of secondary messengers. For example, active Gs and Golf subunits interact 

with adenylyl cyclases to promote the cyclization of ATP into the secondary messenger cyclic 

AMP (cAMP).32 Knowledge of which G subunits an active GPCR associates with can be 

important for determining which signaling pathways the GPCR activates.  

3.3.2 Development of a GPCR-based directed evolution scheme. GPCR-based 

signaling pathways often connect extracellular signals that activate GPCRs to gene expression 

through sophisticated transcriptional activation networks.33 These transcriptional activation 

networks are most commonly controlled by a regulatable transcription factor associated with a 

particular G-protein-coupled pathway. Importantly for our purposes, these transcription factors 

bind specific response elements in DNA that can induce expression of downstream genes.  

Response elements can be engineered and adapted to couple GPCR activity to the 

expression of any desired protein. The expression of reporter proteins such as luciferase or 

fluorescent proteins has been linked to numerous signaling cascades, including multiple GPCR-
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based signaling pathways. By encoding selection markers such as AdProt under the control of 

these response elements, we envisioned that we could create a selection circuit based on the 

activity of any protein involved in the signaling pathway.  

3.3.3 The cyclic AMP signaling pathway. One of the best characterized and most widely 

used GPCR-based response elements in mammalian cells is the cAMP response element (CRE) 

involved in the cAMP signaling pathway (Figure 3.3). An important secondary messenger in many 

living organisms, cAMP can be generated in cells by adenylyl cyclases activated by GTP-bound 

Gs and Golf subunits. Levels of cAMP can also be elevated upon Gq/G11 activation.34 Once 

generated, cAMP can impact diverse activities in the cell, including activating protein kinase A 

(PKA), nucleotide exchange factors, and cyclic-nucleotide-gated ion channels. When active, PKA 

phosphorylates substrates including the cAMP-response element binding protein (CREB),35 a 

transcription factor that induces expression of genes under control of CRE after phosphorylation.36  

Intracellular increases in cAMP can be monitored by CRE-based reporter systems, 

allowing researchers genetic tools to robustly record intracellular activation.37 The diversity of 

protein activities regulated by cAMP and the existence of CRE-based reporter systems make this 

pathway an appealing avenue toward making a GPCR-based selection circuit. Simply encoding 

our system’s38 selection marker under control of CRE could enable continuous directed evolution 

of proteins involved in this pathway, allowing unprecedented throughout and flexibility to engineer 

diverse and important biological activities. 
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Figure 3.3 GPCR-based activation of the cAMP response element. GTP-bound active G 
subunits can interact with an adenylyl cyclase (ADCY) to induce the conversion of ATP to the 
secondary messenger cyclic AMP (cAMP). In the presence of elevated levels of cAMP, the two 
regulatory (R) subunits of the heterotetramer protein kinase A bind cAMP and dissociate from 
the catalytic (C) subunits. The catalytic subunits phosphorylate numerous protein targets 
including the cAMP response element binding protein (CREB), which translocates to the nucleus 
upon phosphorylation and induces transcription of genes downstream of genes controlled by the 
cAMP response element (CRE). 
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3.3.4 Developing a selection circuit for virus-based directed evolution of GPCRs. In 

order to ensure that a selection circuit can be based on Gs-coupled GPCRs, we needed to 

validate that the CRE can be used to induce reporter genes upon activation of a model GPCR.  

CRE was identified as a 30 bp sequence common to 5′ untranslated regions of cAMP 

responsive genes.39 CREB and other CREB-like transcription factors specifically bind a highly 

conserved 8 bp region of DNA (TGACGTCA),40 a fact that later engineering efforts took advantage 

of in generating CRE-responsive reporter systems. A CRE-based luciferase reporter plasmid  was 

previously developed to monitor cAMP production in HEK293A cells (Figure 3.4a).37 This reporter 

plasmid encodes CRE preceding firefly luciferase fused to two human codon optimized protein 

degradation tags (termed hPEST and hCL1) to decrease protein expression.41-42 The plasmid also 

encodes a hygromycin resistance marker, which can be used to select for cells that received the 

plasmid.  

Our first step was to confirm that CRE-based reporter plasmid functions properly in our 

HEK293A cells—namely that the expression of luciferase increase upon activation of GPCRs that 

increase intracellular cAMP. We initially chose two GPCRs with potent small molecule activators: 

muscarinic acetylcholine receptor M3 (CHRM3),43 which is activated by carbachol, and follicle 

stimulating hormone receptor (FSHR),44 which is activated by follicle stimulating hormone (FSH). 

We observed a dose-dependent increase in luciferase expression for both GPCRs (Figure 3.4 

b–c), confirming that these GPCRs increase intracellular cAMP upon activation. Furthermore, the 

lack of increase luciferase expression upon treatment with carbachol or FSH alone shows that 

the exogenously expressed GPCRs were responsible for the observed effect (Figure 3.4d).  

In our system, the evolving gene of interest is encoded in the evolving adenoviral genome. 

Although GPCRs have been previously encoded and delivered in adenovirus, GPCR-encoding 

adenoviruses deleted for AdPol and AdProt have not previously been reported. Therefore, our 

next objective was to show that we could encode GPCRs in our engineered adenoviral vector and 

demonstrate functional GPCR expression. Using our previously developed AdEvolveDEST 

system (Chapter2), we generated AdPol- and AdProt-deleted viruses encoding human codon 

optimized CHRM3 and FSHR genes. Using cells stably expressing the CRE-based luciferase 

reporter plasmid (Xfect-CRE-Luc cells), we showed that viral delivery of CHRM3 and FSHR can 

activate CRE and that luciferase expression is dependent upon addition of the GPCRs’ respective 

agonists (Figure 3.4e–f).  
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Figure 3.4 Testing a CRE-based luciferase reporter plasmid. (a) Overview of plasmid map for 
the CRE-Luciferase reporter plasmid, which encodes luciferase under control of the cAMP 
response element (CRE). The reporter plasmid also encodes a constitutively expressed 
hygromycin resistance marker (HygroR), which renders cells resistant to treatment with the 
cytotoxic antibiotic hygromycin. (b) Dose-dependent activation of CRE by carbachol-based 
agonism of the muscarinic acetylcholine receptor M3 (CHRM3), as evidenced by an increase in 
luciferase-based luminescence. (c) Dose-dependent activation of CRE by follicle stimulating 
hormone (FSH)-based agonism of the follicle stimulating hormone receptor (FSHR), as 
evidenced by an increase in luciferase-based luminescence. (d) Agonist-induced CRE activation 
depends on the exogenous expression of the target GPCR. For FSHR and CHRM3, both GPCR 
and the respective agonist are necessary to observe luciferase induction from the CRE-luciferase 
plasmid. (e–f) Viral delivery of GPCRs also induces CRE activation upon drug treatment. CHRM3 
and FSHR-encoding adenovirus are transduced into cells expressing the CRE-Luciferase 
reporter plasmid with or without their respective agonists, after which luciferase levels are 
measured through luminescence.  
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In our system, expression of AdProt from a mammalian host cell drives the replication of 

our gene-of-interest-encoding adenovirus. Therefore, we next created a lentiviral vector that 

encodes AdProt under control of CRE (Figure 3.5a), and transduced EP-Pol expressing cells with 

the resulting lentivirus to create Lenti-CRE-AdProt cells. Upon CHRM3 transfection in Lenti-CRE-

AdProt cells, AdProt transcript levels increased upon carbachol treatment (Figure 3.5b). Similar 

increases were observed when CHRM3 was delivered using AdPol- and AdProt-deleted 

adenovirus (Figure 3.5b). These increases are comparable to the levels observed with tTA in 

TRE-AdProt-based selector cells (Figure 3.5c), which had ample selection pressure to drive a 

directed evolution campaign. Finally, we tested whether CHRM3-encoding viruses would 

preferentially replicate on Lenti-CRE-AdProt cells in the presence of carbachol. Two days post-

infection, we observed markedly increased viral replication (Figure 3.5d), suggesting the 

functionality of selection based on GPCR activity. 

In summary, these data show that the activity of GPCRs can be coupled to adenoviral 

propagation through the cAMP-induced expression of AdProt. With a functional selection circuit 

in hand, we were well-positioned to perform directed evolution of GPCRs in mammalian cells. 

3.3.5 Parallelized directed evolution of ten GPCRs. The simplest GPCR activity to 

evolve using this system would be high basal or constitutive activity, such that the evolved GPCR 

would induce the cAMP signaling pathway without any activating perturbation. Because GPCRs 

are in an equilibrium between active and inactive conformational states (Figure 3.2a), some level 

of basal activity is observed for most GPCRs.2 Mutations to key structural regions of GPCRs can 

increase basal activity, and knowledge of which mutations constitutively activate a GPCR can be 

crucial for identifying disease-causing variants,45 particularly for the hundreds of GPCRs for which 

there is little to no structural information.1, 46 Since constitutively active variants have been 

implicated in human disease,9, 28 variants that show constitutive GPCR activity could be used to 

study the impact of such aberrant GPCR signaling on disease. Furthermore, constitutively active 

GPCR variants could be extremely valuable chemical biology tools when fused to or combined 

with other functional subunits such as destabilizing domains.47 Practically relevant, evolution 

toward higher constitutive activity is straightforward with our current selection circuit, and would 

be a valuable milestone towards demonstrating that our platform can evolve more complicated 

GPCR activities. 
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Figure 3.5 Induction of AdProt upon GPCR-activated cAMP signaling. (a) Lentiviral plasmid 
map for Lenti-CRE-AdProt cells. ITR, inverted terminal repeat; CRE, cAMP response element; 
TPL, adenoviral tripartite leader sequence; AdProt, adenoviral protease; PPGK, 3-
phosphoglycerate kinase promoter; PuroR, puromycin resistance marker; WPRE, woodchuck 
hepatitis virus posttranscriptional regulatory element. (b) Measuring AdProt transcript levels in 
Lenti-CRE-AdProt cells upon CHRM3 expression and activation. Cells were either transfected 
with a CHRM3-encoding expression plasmid or infected with a CHRM3-encoding AdPol- and 

AdProt-deleted adenovirus at an MOI ~ 1.0, with or without 10 M carbachol. After 72 hours, 
RNA was harvested and AdProt transcript levels were measured through qPCR. (c) Measuring 
AdProt transcript levels in Lenti-TRE-AdProt cells (see “selection cells” in Chapter 2) upon tTA 
expression. Cells were transfected with a tTA-encoding expression plasmid and treated with or 

without 20 M doxycycline. (d) Brightfield and fluorescence microscopy of our selection circuit. 
Lenti-CRE-AdProt cells were infected with a low MOI of CHRM3-encoding virus, with or without 

10 M carbachol. 
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One of the advantages of virus-based continuous directed evolution systems is the ease 

with which directed evolution experiments can be run in parallel. There are hundreds of GPCRs 

that activate the cAMP signaling pathway.7, 32 A successful directed evolution campaign for even 

a single GPCR could be impactful—the evolution of ten in parallel would be an exciting and far-

reaching demonstration of the importance and potential of our directed evolution platform. 

Ten GPCRs associated with the cAMP signaling pathway were chosen for their 

importance to human health and mammalian biology (Table 3.1). We first tested the constitutive 

activity of the ten wild-type GPCRs (Figure 3.6) by infecting GPCR-encoding viruses into Xfect-

CRE-Luc cells at a multiplicity of infection (MOI) of ~1.0. We observed a diversity of GPCR 

constitutive activity; most GPCRs showed nearly basal activity, but HTR6 showed relatively high 

constitutive activity. Since constitutively active GPCRs should be under relatively less selection 

pressure to evolve increased CRE activation, we may observe different evolutionary outcomes 

for HTR6, such as increased expression or improved protein folding efficiency. 
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Table 3.1 Ten human GPCRs associated with the cAMP signaling pathway. 

GPCR Abbreviation Native ligand Tissues 

β3-adrenoceptor  ADRB3 Noradrenaline  Brain Ovaries 

Vasopressin V2 receptor AVPR2 Vasopressin Adipose tissue 

Calcitonin receptor-like 

receptor 

CALCRb Adrenomedullin or 

CGRP 

Lung Adipose 

tissue 

Muscarinic acetylcholine 

receptor M3 

CHRM3 Acetylcholine Brain Salivary 

gland 

Follicle stimulating 

hormone receptor 

FSHR Follicle stimulating 

hormone 

Ovaries Testes 

Glucagon receptor GCGR Glucagon Liver Kidney 

5-hydroxytryptamine 

receptor 6 

HTR6 Serotonin Brain 

Melanocortin 1 receptor MC1R Melanocyte 

stimulating 

hormones 

Pituitary 

gland 

Thyroid 

Melanocortin 2 receptor MC2R Adrenocorticotropic 

hormone 

Adrenal gland 

Melanocortin 3 receptor MC3R Adrenocorticotropic 

hormone 

Brain 
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Figure 3.6 Constitutive activity of ten GPCRs used in directed evolution campaigns. 

Constitutive cAMP signaling of ten GPCR-encoding adenoviruses was tested via luciferase 

assay.  

Figure 3.7 Parallelized directed evolution of ten GPCRs. (a) AdPol- and AdProt-deleted 

adenoviruses encoding one of ten GPCRs (Table 3.1) were passaged on Lenti-CRE-AdProt cells 

for six passages. (b) Viral media was collected before and after selection, from which viral 

genomes were harvested and populations of genes of interest were amplified through PCR for 

subsequent characterization and sequencing.  
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We then passaged these ten GPCR-encoding adenoviruses on Lenti-CRE-AdProt cells 

for six consecutive passages (Figure 3.7a). We harvested the viral DNA of all GPCRs before 

selection (P0) and after passage six (P6). From the prepared viral DNA, we subcloned a PCR-

amplified region of the viral genome encoding the gene of interest into bacterial plasmids and 

sequenced eight individual colonies for all GPCRs except ADRB3, which is discussed further 

below (Table 3.2). We observed some missense mutations, but observed many wild-type 

sequences and, perhaps most discouragingly, numerous stop codons, insertions and deletions. 

These deactivating mutations were a first indication that our evolutionary circuit may be enriching 

for non-functional GPCRs. 

We then PCR-amplified a region of the viral genome encoding the CMV promoter, the 

gene of interest, and the poly-adenylation tail (Figure 3.7b) and transfected this population into 

Xfect-CRE-Luc cells to observe the activity of the GPCR-expressing populations at P0 and P6 

(Figure 3.8). Although the same pattern of activity emerged as observed in Figure 3.6 (e.g., 

HTR6 showed a high level of constitutive activity), we did not observe any increase in activity from 

P0 to P6.  

3.3.6 Next-generation sequencing data of evolved populations. To identify any 

enriched variants within our evolved populations, and to quantify their level of enrichment, we 

performed next-generation sequencing on the evolved viral genomes. Briefly, using the same 

region of the viral genome as in Figure 3.7b, we prepared amplicons for sequencing using the 

Nextera XT DNA Library Preparation Kit and performed next-generation sequencing on an 

Illumina MiSeq with 150 bp paired-end reads following standard Illumina protocols.  
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Figure 3.8 Comparing basal activity of GPCRs before and after selection. Gene of interest 
populations were PCR-amplified from P0 and P6 viral samples and transfected into Xfect-CRE-
Luc cells to assess basal activity. Luciferase assays showed no substantial increase in cAMP 
signaling activity between P0 and P6. 
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Figure 3.9 Aberrant coverage maps in next-generation sequencing of pre-selection (P0) 

and post-selection (P6) GPCR populations. Next-generation sequencing coverages were 

aberrant for three GPCRs: (a) ADRB3, (b) FSHR, (c) and GCGR. 
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In the vast majority of samples (except ADRB3-P6, AVPR2-P0, and FSHR-P0), we saw 

>85% of reads mapped to our amplified region of DNA. Even for the three samples with relatively 

low mapping rates, using conservative read cutoff of ~5,000 reads at each position includes all 

GPCR coding sequences. However, the coverage maps of three GPCRs stood out as requiring 

further investigation. The first coverage maps that stood out were those of ADRB3-P0 and 

ADRB3-P6, in which there is a large gap starting at the beginning of the coding region (Figure 

3.9a). Upon further inspection, we observed that the gaps aligned perfectly with two KpnI cut 

sites, a restriction enzyme we used to clone all of the wild-type GPCRs into pENTR1A plasmids. 

KpnI restriction rendered the gene inoperable. This large deletion explained our failure to clone 

ADRB3 into bacterial plasmids (Table 3.2). We nonetheless continued to analyze the ADRB3 

populations, as they provided an intriguing negative control (i.e., a virus that does not carry a 

functional gene of interest and therefore presumably is not subject to any meaningful selection 

pressure). The next coverage map of concern was of FSHR-P0, which had relatively low coverage 

compared to the rest of the samples (Figure 3.9b). Since the coverage across the gene was 

higher than 5,000 reads at every position along the gene of interest, we decided to continue with 

analysis of FSHR-P0, taking care to ensure that conclusions about this sample were sufficiently 

supported by the low coverage data. The final coverage map that stood out was GCGR-P6 

(Figure 3.9c). We observed an abrupt drop in mapped reads near the 5′ end of the GCGR coding 

region, and then an abrupt increase after ~200 bp. We noted the irregularity, and proceeded with 

analysis. 

In Chapter 2, we identified positive selected variants by looking for point mutations that 

were highly enriched in the population after selection. Here, in our analogous next-generation 

sequencing data, we first looked for highly enriched point mutations in the GPCR coding 

sequence (Figure 3.10). Two P6 samples showed mutations that were highly enriched: FSHR 

P6, which enriched E259STOP to 26% of the population and a synonymous R282R mutation to 

24% of the population (Figure 3.10a); and GCGR, which enriched W68STOP to 51% of the 

population (Figure 3.10b). The enrichment of stop codons before the C-termini is surprising, since 

many GPCRs interact with G-proteins through their C-terminal tails. Perhaps surprisingly, the stop 

codon enriched in GCGR was not the same nonsense mutation observed through Sanger 

sequencing. The appearance of these stop codons reaffirmed our observation from Sanger 

sequencing that the virus seemed to be enriching for deactivating mutations. 
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Table 3.2 Sanger sequencing of P6 GPCRs. Insertions and deletions are marked with “+” and 

“–”, respectively. We were unable to amplify ADRB3 due to a large internal deletion. An empty 

cell indicates a wild-type sequence. 

Colony AVPR2 CALCRb CHRM3 FSHR   

1 L94F, +T (287) +A (35), C130C, A508T +A (486) L640I   

2 +T (287), + C(347) A422T       

3 P74L   D564D     

4 +T (166) A375T   –A (73)   

5 A72A     

–G (63), –A 
(73), 

F911F, 
N118I   

6     
+AAA 
(486) C25STOP   

7 +T (287), + C(347)         

8       Q145R   

            

Colony GCGR HTR6 MC1R MC2R MC3R 

1     A149A     

2 –C (71), +T (368)         

3 
C34S, Q131STOP, 

A159S       I40F 

4 
C34S, Q131STOP, 

A159S         

5     A64S     

6 +A (99), P444P E427D       

7           

8 +A (72) +T (283)   +T (156)   
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Table 3.3 Comparing the sensitivity of next-generation sequencing for calling indels 

versus single base mismatches. The percentage of positions within the coding region of the 

MC2R P0 population that had indel or non-reference frequencies greater than various thresholds. 

 
Percentage of positions 

above threshold 

Threshold Indels 
Non-

reference 

> 0% 43.84% 100.00% 

> 0.01% 16.88% 99.96% 

> 0.05% 4.84% 93.42% 

> 0.1% 0.04% 1.79% 

> 0.5% 0.00% 0.54% 

> 1% 0.00% 0.36% 
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Figure 3.10 Enriched non-reference point mutations in post-selection GPCR populations. 

Two P6 samples showed highly enriched point mutations in P6 as compared to P0: (a) FSHR, 

and (b) GCGR.  
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In our preliminary Sanger sequencing data, we observed a high rate of deactivating 

insertions and deletions (indels). Following up on these observations, we looked for indels within 

our next-generation sequencing data. Due to the nature of Illumina’s next-generation sequencing 

technology, we would anticipate a much lower error rate for indels than for non-reference base 

calls. We found a strikingly lower rate of indels are called than non-reference base calls, giving 

us confidence that we can use a lower cutoff gate for indel frequency than for non-reference 

frequency (Table 3.3). 

As compared to P0 samples, all P6 samples showed considerable more highly enriched 

indels in the GPCR coding sequence. For each GPCR, we examined the top three indels in the 

GPCR coding region of the P6 population (Table 3.4). All samples show enriched indels, as high 

as 26.5% (CHRM3 +1A at nucleotide position 2346). As expected, all of the indels (except 

CHRM3 +3AAA at nucleotide position 2346) caused an extremely disruptive frameshift mutation. 

The indels observed through next-generation sequencing showed good agreement with the 

frameshifts observed through Sanger sequencing (Table 3.2), which encouragingly supports the 

use of next-generation and Sanger sequencing as complementary methods to identify enriched 

mutants in evolved populations. Interestingly, four of the enriched indels in Table 3.4 were present 

in the P0 populations at >0.1% frequency. However, these indels were all massively enriched in 

the P6 population, a potential example of the founder effect observed in evolving populations.48 

These tabulated indels show a few interesting patterns. First, all indels occur at stretches 

of at least three repeating bases. This finding comports with previous reports that DNA 

polymerases, including adenoviral polymerase, are more prone to slippage at repeating bases.49-

50 Second, A/T indels are more common in these data than G/C indels. Notably, due to the nature 

of adenoviral genome replication, we are unable to differentiate between slippage at pol-A or pol-

T regions. Nonetheless, the prevalence of A/T indels agrees with previous observations of the 

mutagenesis profile of wild-type AdPol and could inform the mechanism of polymerase 

slippage.50-51  

  



101 
 

 

  

Table 3.4 Characterizing the most enriched indels for each post-selection GPCR population. 

We characterized the top three most enriched indels for each P6 GPCR population. The type of 

indel is represented by “+” for an insertion and “–” for a deletion, followed by the number of bases 

inserted or deleted of the listed nucleotide. Also listed: the percentage of reads with the indel at 

P0 and at P6 (% P0, % P6); the immediate sequence context of the indel; and the resulting variant 

length of the coding sequence after the frameshift mutation (WT amino acid length provided as 

reference).  

GPCR  Position Type % P0 % P6 
Sequence 

context 
Variant 
length 

WT 
length 

AVPR2 

1 1748 +1T 1.20% 7.90% CCGTTTTTTTTGGT 317 

371 2 1929 +1C 0.07% 4.00% GGACCCCCCCAAG 371 

3 1384 +1T 0.00% 1.58% GGCTTTTTCCC 197 

CALCRb 

1 1078 +1A 0.01% 3.20% ACGAAAAAAGAT 74 

508 2 906 +1A 0.00% 1.69% GCGAAAAAATTT 34 

3 2144 +1T 0.01% 1.05% GGGTTTTTTGTA 428 

CHRM3 

1 2346 +1A 0.42% 26.54% AAGAAAAAAAAGCA 547 

590 2 2346 +2A 0.00% 8.72% AAGAAAAAAAAGCA 547 

3 2346 +3A 0.00% 2.51% AAGAAAAAAAAGCA 591 

FSHR 

1 1107 -1A 4.52% 12.40% TGGAAAAAATCG 84 

695 2 1646 +1A 0.00% 3.60% CTGAAAAAGCT 258 

3 2797 +1T 0.04% 2.16% AGATTTTTTTATC 647 

GCGR 

1 1101 -1C 0.15% 5.45% ATACCCCCGCC 127 

477 2 1676 +1T 0.00% 2.09% TCCTTTTTCTC 289 

3 1844 +1T 0.00% 1.81% AACTTTTTCAT 335 

HTR6 

1 1739 +1T 0.01% 0.94% CCATTTTTTGTG 380 

440 2 1075 +1T 0.00% 0.80% TAATTTTTTCCT 105 

3 933 +1G 0.00% 0.66% CTTGGGGGGCTG 61 

MC1R 

1 1326 +1T 0.01% 1.21% GCATTTTTTATG 289 

317 2 1203 -1C 0.00% 0.34% GGGCCCTTG 121 

3 1422 +1T 0.00% 0.29% CCCTTTTCAT 289 

MC2R 

1 1070 +1T 0.00% 1.54% TACTTTTTTATT 68 

297 2 1357 +1T 0.00% 0.30% GACTTTTTGTA 213 

3 1577 +1T 0.00% 0.28% ATCTTTTGCT 267 

MC3R 

1 961 +1T 0.01% 2.22% CCCTTTTTTCTC 27 

323 2 1581 +1C 0.01% 1.64% TCGCCCCCCAGC 235 

3 1661 +1T 0.00% 0.36% CCATTTTTCCT 270 
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Table 3.5 Quantifying the prevalence throughout the coding sequence of GPCRs pre- and 

post-selection. The number of positions within the coding sequence of GPCRs in pre-selection 

(P0) and post-selection (P6) populations with frequencies within the percentage ranges shown. 

GPCR 

≥ 0% 0.01% 0.1% 1% 10% 

< 0.01% 0.1% 1% 10% 100% 

ADRB3 
P0 1156 63 5 0 0 

P6 1137 80 6 1 0 

AVPR2 
P0 938 159 15 1 0 

P6 906 178 25 4 0 

CALCRb 
P0 1247 253 24 0 0 

P6 1202 288 29 5 0 

CHRM3 
P0 1491 259 19 1 0 

P6 1465 273 31 0 1 

FSHR 
P0 1638 414 33 0 0 

P6 1669 356 57 2 1 

GCGR 
P0 1162 252 17 0 0 

P6 1100 284 43 4 0 

HTR6 
P0 1115 180 25 0 0 

P6 1070 224 24 2 0 

MC1R 
P0 804 131 16 0 0 

P6 779 152 19 1 0 

MC2R 
P0 735 144 12 0 0 

P6 715 157 18 1 0 

MC3R 
P0 807 148 14 0 0 

P6 769 172 26 2 0 
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We were also interested in looking beyond the top three indels to quantify the prevalence 

of enriched indels throughout the entire GPCR coding sequence. In each GPCR coding 

sequence, we tabulated the number of positions with indel frequencies within different ranges: 

[0%, 0.01%), [0.01%, 0.1%), [0.1%, 1.0%), [1.0%, 10%), and [10%, 100%) (Table 3.5). These 

data show dramatic enrichment of indels in the P6 populations of all GPCRs. Every P6 population 

had more positions with indel frequencies greater than 0.1% than the respective P0 population. 

Furthermore, except for FSHR which suffered from low P0 coverage, every GPCR also had more 

positions with indel frequencies greater than 0.01% than the respective P0 population. Lastly, 

except for CHRM3 which suffered from the massive enrichment of indels at a single position, 

every GPCR also had more positions with indel frequencies greater than 1% than the respective 

P0 population. Correspondingly, except for FSHR, P0 populations had a greater number of 

positions with indels less than 0.01% than the respective P6 population. These data strongly 

suggest that a wide range of indels in the GPCR coding sequence were enriched in all 10 GPCR 

populations. 

3.3.7 Quantifying selection pressure through viral replication assays. Although we 

initially observed that viral replication was favored when GPCRs were activated by an agonist, 

after observing the sequencing data we sought to revisit this observation more thoroughly. We 

previously relied on visual inspection when we observed an increase in viral replication during the 

course of an infection (Figure 3.5d). However, a more representative measurement of the extent 

of viral replication would be the actual measurement of viral titer, or the density of viral particles 

produced from an infection. For example, in the context of our GPCR selection circuit, we should 

observe an increase in titer upon GPCR activation.  

To test our selection circuit, we infected Lenti-CRE-AdProt cells with a low MOI of CHRM3-

encoding virus with or without 10 M carbachol (Figure 3.10a). After 10 days of infection, we 

harvested the resulting viral population and measured the resulting viral titers using flow cytometry 

(Figure 3.10b). Surprisingly, CHRM3-encoding virus yields a 9.2-fold lower viral titer when treated 

with the CHRM3 agonist carbachol compared to no carbachol treatment. We ran the same 

experiment on producer cells (Chapter 2), which express AdProt constitutively without any cAMP 

response (Figure 3.11a). Perhaps even more surprisingly, CHRM3-encoding virus yields a 4.7-

fold lower viral titer when treated with carbachol compared to no carbachol treatment (Figure 

3.11b). These data caused us to look deeply at our system and ask: Is our directed evolution 

platform incompatible with a GPCR-based selection circuit?  
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Figure 3.11 Quantifying selection pressure in lentivirally-transduced selection cells. (a) 

Lenti-CRE-AdProt cells and Lenti-CMV-AdProt cells (producer cells, Chapter 2) were infected 

with a low MOI of CHRM3-encoding virus with or without 10 M carbachol. Viruses were 

harvested after 10 days of infection. (b) Resulting viral titers (in infectious particles per L) were 

determined through flow cytometry.  
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3.4 Diagnosing the major issues of our GPCR evolution 

We next sought to diagnose the major issues of the current selection circuit and re-

engineer our platform toward the efficacious selection of active GPCRs. Three findings stood out 

to us regarding our selection circuit, suggesting a common link in the results of our directed 

evolution campaigns. First, we observed much higher titers after 10 days of viral replication in 

Lenti-CRE-AdProt cells as compared to producer cells (Figure 3.11b). Second, raw Cp values 

from qPCR of Lenti-CRE-AdProt cells and selector cells suggested that basal AdProt levels were 

higher in Lenti-CRE-AdProt cells (Figure 3.5c, d). Third, although we observed an increase in 

AdProt transcript levels comparable to those observed in the tTA-based evolution (Figure 3.5c, 

d), we reasoned that a ~4-fold increase in AdProt upon GPCR activation is relatively low. These 

findings suggest that there is likely considerable room for improvement within our selection 

circuit—namely, via reduction in basal AdProt levels and an increase in induced AdProt levels. 

One of the most troubling findings from the previous work was that carbachol treatment 

decreased viral titers both in Lenti-CRE-AdProt cells and producer cells. One possibility these 

data suggest is that increases in intracellular cAMP levels negatively impact adenoviral growth. 

However, our own data do not support this hypothesis. The activity of the P6 population of the 

naturally constitutively active GPCR HTR6 was roughly equivalent to the activity of the P0 

population, implying that cAMP induction by itself is not fundamentally detrimental to viral 

replication. We also did not observe the enrichment of any missense mutations, nonsense 

mutations, or insertions or deletions at populations higher than ~3% in the next-generation 

sequencing data of the P6 viral population of the HTR6 GPCRs. These data indicate that 

constitutively active GPCRs do not present such a significant burden to the replication of our 

adenoviral populations that the functional gene must be evolved to be nonfunctional, even though 

such selection pressure would have existed in our selection circuit. These findings suggest that 

the surprising results observed from the viral titering experiments are likely not generalizable to 

GPCR activity as a whole, and that constitutive GPCR activity is not necessarily an overwhelming 

burden to adenoviral replication. While these data remained puzzling, we reasoned that only way 

we would be able to fully diagnose this issue would be to first deconvolute problems potentially 

stemming from the cAMP signaling pathway from the issue of the elevated basal AdProt levels.  

Therefore, we next set out to identify different methods of mammalian cell engineering to 

decrease basal AdProt levels and to increase the dynamic range of AdProt levels upon GPCR 

activation.  

3.4.1 Engineering host cells with lower basal AdProt levels and higher dynamic 

ranges. We looked closely into our lentiviral transduction system to identify clues as to why basal 
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AdProt expression levels were elevated in Lenti-CRE-AdProt cells. First, the regulatory elements 

within the lenvitiral vector we used heavily promote the basal expression of any lentivirally-

encoded transgene, regardless of whether the gene is preceded by a constitutive promoter. These 

regulatory elements include: the constitutively active PGK promoter immediately following 

AdProt;52 the absence of any polyadenylation tail signal sequence following AdProt; and the 

woodchuck hepatitis virus posttranscriptional regulatory element following the puromycin 

resistance marker.53 Second, it has been observed that lentiviruses preferentially integrate into 

actively transcribed regions in the host cell genome, which could lead to higher basal levels of 

AdProt expression.54 Third, the long terminal repeats required for lentiviral integration themselves 

contain promoter and enhancer regions that can induce downstream transcription.55-56 Taken 

together, these data suggest that our lentivirally transduced selection circuits should not 

necessarily be expected to provide low basal expression levels, and other cell engineering 

methods should be considered. 

As opposed to Lenti-CRE-AdProt cells, which were engineered using lentivirus, Xfect-

CRE-Luc cells were engineered using stable transfection. We rationalized that stably transfected 

Xfect-CRE-Luc cells would greatly reduce experimental variability, allowing us to more reliably 

compare results from different experiments. That we did not pursue lentiviral integration of this 

selection circuit was merely fortuitous—the presence of a hygromycin resistance marker in the 

original CRE-Luciferase plasmid simply eliminated any need to engineer any additional vector for 

our purposes. 

We investigated genetic methods of decreasing AdProt expression. Stable transfection 

integrates at a low copy number57 and does not show strong preference for actively transcribed 

regions of DNA,54 suggesting that stable transfection of CRE-AdProt constructs may be a 

preferred approach to create selection circuits with low basal levels of activity and large dynamic 

ranges. Another common method to decrease basal protein levels is to use a peptide-based 

degradation tag, such as hPEST. However, since AdProt is a small, essential viral protein, 

modifying the AdProt cistron itself would likely harm viral replication. Instead, we searched for 

alterantive regulatory elements that may cause a decrease in AdProt expression without 

modifying the polypeptide chain itself. A 2016 report by Geissler and co-workers identified a 

mammalian mRNA degradation sequence that is widespread in the mammalian genome.58 This 

AT-rich sequence lowers mRNA transcript levels by promoting deadenylation through interactions 

with the CCR4-NOT complex. Geissler and co-workers showed that this mRNA degradation tag 

can be appended to mRNA transcripts in numerous genetic contexts to decrease the expression 

of exogenous reporter genes such as luciferase and GFP. 
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Figure 3.12 The effects of an mRNA degradation on basal AdProt expression levels. (a) 

Lentiviral plasmid maps with AdProt under control of the tet-responsive element (TRE, Chapter 

2) with or without six copies of an mRNA degradation tag. (b) Cells were transfected with plasmids 

from (a) as well as the tet-transactivator, an engineered transcription factor that binds the TRE 

and is inhibited by doxycycline (dox). After transfection, AdProt levels were measured through 

qPCR. 
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Figure 3.13 Generation and characterization of stably transfected CRE-AdProt cell lines. 

(a) A map of the plasmid used for creating Xfect-CRE-AdProt cells through stable transfection. A 

heterostable population was generated, from which homostable populations were identified 

through single colony picking. (b) Comparison of basal AdProt expression levels in Xfect-CRE-

AdProt cells versus Lenti-CRE-AdProt cells, as determined by qPCR. (c–d) Comparison of 

dynamic range of AdProt levels upon carbachol-induced CHRM3 activation between (c) Xfect-

CRE-AdProt cells and (c) Lenti-CRE-AdProt cells. 
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To initially test whether this mRNA degradation tag could be used to lower AdProt levels 

and increase AdProt dynamic range, we engineered a TRE-AdProt plasmid with or without six 

copies of the mRNA degradation tag (Figure 3.12a). Upon transfection with the construct and 

tTA, with or without 20 M doxycycline treatment, we observed roughly 2-fold lower basal AdProt 

levels and roughly 2-fold higher induced AdProt levels (Figure 3.12b). The introduction of the 

degradation tag increased the dynamic range of AdProt in this assay from 13-fold to 63-fold.  

Encouraged by these results, we sought to create new CRE-AdProt-degron cell lines 

through stable transfection. We modified the CRE-Luc plasmid to express AdProt preceded by 

the tripartite leader sequence upon cAMP induction, as well as introducing six copies of the mRNA 

degradation tag after the AdProt coding region but before the polyadenylation recognition 

sequence (Xfect-CRE-AdProt plasmid; Figure 3.13a). We transfected EP-Pol expressing 

HEK293A cells with the CRE-AdProt-degron plasmid and selected with hygromycin. After 

generating a heterostable population (Xfect-CRE-AdProt cells), we then generated stable 

homostable cell lines by picking single colonies. We compared the basal AdProt levels of best 

performing single colony (Xfect-CRE-AdProt-#4) and with pLVX-CRE-AdProt cells, and observed 

34-fold lower AdProt levels in Xfect-CRE-AdProt-#4 cells (Figure 3.13b). When we transfected 

both cell populations with a CHRM3-encoding plasmid, we observed a slight improvement in 

AdProt level dynamic range with 10 M carbachol treatment (Figure 3.13c, d). Overall, we find 

that Xfect-CRE-AdProt cells demonstrate dramatically lower basal AdProt levels and a modestly 

improved AdProt dynamic range upon GPCR activation.  

3.4.2 Quantifying selection pressure through viral replication assays in stably 

transfected cells. We finally aimed to quantify selection pressure in Xfect-CRE-AdProt cells 

using a viral replication assay. In three single colonies (#3, #4, and #5), we infected cells with 

CHRM3-encoding adenovirus with or without 10 M carbachol treatment (Figure 3.14a). After 10 

days of infection, we quantified viral titers through flow cytometry (Figure 3.14b). We observed 

that single colonies #4 and #5 showed 2.1- and 2.5-fold increase in viral titer upon carbachol 

treatment. These demonstrate provide initial validation for our selection circuit, and provide a 

roadmap toward improving the CRE-based GPCR selection circuit in the future. 
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Figure 3.14 Quantifying selection pressure in Xfect-CRE-AdProt cells. (a) Selection scheme. 

Xfect-CRE-AdProt cells #3, #4, and #5 were infected with low MOI of CHRM3-encoding virus and 

treated with or without 10 M carbachol. Viruses were harvested ten days post-infection and the 

resulting viral titers were measured through flow cytometry. (b) Flow cytometry-determined titers 

of resulting viral populations.  
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3.5 Discussion 

During the pursuit of this work, another virus-based directed evolution platform in 

mammalian cells published the evolution of a constitutively active GPCR.24 This platform, termed 

viral evolution of genetically actuating sequences (VEGAS), is described in detail in Chapter 1. 

Their approach was similar to our own, using the serum response element instead of the cAMP 

response element, and they evolved variants of the Gq-coupled GPCR MRGPRX2 to have 

higher constitutive activity in mammalian cells. 

Our initial efforts to evolve GPCRs in Lenti-CRE-AdProt cells were marred by high basal 

levels of AdProt expression. Not only did we not observe increases of GPCR-based cAMP 

signaling activity after six rounds of evolution, we did observe the enrichment of nonsense 

mutations and frameshifts leading to early coding sequence termination. Learning from these 

results, we designed new plasmids designed for lower basal expression and created stronger 

selection circuits using stable transfection. We then confirmed that these selection circuits create 

a selection pressure that could, in theory, enrich for GPCRs with higher activity. By carefully 

examining our platform and diagnosing our unique modes of failure, we were able to go back to 

the drawing board and re-engineer cell lines that provided a selection pressure that would select 

for GPCR activity.  

These results make clear three fundamental features of our platform. First, if basal AdProt 

levels are high enough to promote viral replication, then viruses will likely escape the designed 

selection pressure. In the case of many of our GPCRs, the viruses may even reject the transgene 

altogether, presumably because overexpression of an unnecessary and difficult-to-fold transgene 

causes a fitness defect on viral replication. Second, merely observing selection couples through 

luciferase assays, or even observing AdProt levels directly through qPCR, is not nearly sufficient 

evidence that a selection circuit is functional. The gold-standard, and perhaps the only standard, 

for determining the efficacy of a selection circuit is the measurement of viral titers after selection.  

This is perhaps the most important practical lesson learned. Third, and perhaps most 

speculatively, problems arising from difficult endogenous circuits or cellular engineering problems 

can be solved. Although the initial data we observed were discouraging, by carefully identifying 

the stumbling blocks and methodically re-engineering our system to work around them, we were 

able to eventually demonstrate a viral selection circuit based on GPCR activity.  

Further engineering efforts would likely improve selection. These improvements include: 

employing improved CRE sequences;59 enhancing endogenous cAMP signaling responses;60 

inhibiting or removing endogenous negative feedback loops inherent to cAMP signaling 
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pathways;61 expression of effectors that modulate arms of the ER proteostasis network;62 and 

overexpression of additional cAMP signaling effectors.63 

These strategies and more may improve the dynamic range of the GPCR-based selection 

circuits, and ultimately allow us to evolve new functional GPCR variants. Never before have there 

been more tools to engineer mammalian cells—from precise genomic engineering to site-specific 

recombination and beyond—to find creative host cell engineering solutions that can be used to 

tackle difficult selection circuit problems.  

  

3.6 Methods  

3.6.1 Cloning methods. All PCR reactions for cloning cassettes were performed using 

Q5 High-Fidelity DNA Polymerase (New England BioLabs). Restriction cloning was performed 

using restriction enzymes and Quick Ligase from New England BioLabs. GPCR expression 

vectors and adenoviral vectors were engineered using Gateway cloning. All primers are listed in 

Table 3.6. 

The CRE-Luciferase plasmid (pGL4.29[luc2P/CRE/Hygro] vector) used for generating 

Xfect-CRE-Luc cells was purchased from Promega.37 Plasmids encoding all human GPCRs 

were obtained from the PRESTO-Tango plasmid kit from Addgene, deposited by Bryan Roth 

(Addgene kit # 1000000068).64 

GPCR expression vectors and adenoviral vectors were created as follows: GPCR genes 

from the PRESTO-Tango plasmid kit were amplified using GPCRPT-F-KpnI and GPCRV2-R-

NotI and cloned into pENTR1A (ThermoFisher). These vectors were then cloned into pcDNA-

DEST40 expression vectors and AdEvolveDEST (Chapter 2) vectors through Gateway cloning 

(ThermoFisher).  

The Lenti-CRE-AdProt lentiviral plasmid was created by modifying the Lenti-TRE-AdProt 

lentiviral plasmid through restriction cloning. The CRE from the CRE-Luciferase plasmid was 

amplified using primers CRE-FWD and CRE-REV and inserted into Lenti-TRE-AdProt through 

restriction cloning.  

The Lenti-TRE-AdProt-degron lentiviral plasmid was created by modifying the Lenti-

TRE-AdProt plasmid through restriction cloning. Primers mRNA-Degron-TOP and mRNA-

Degron-BOTTOM were annealed to form a genetic region encoding six copies of an mRNA 

degron, which was inserted into Lenti-TRE-AdProt through restriction cloning.  
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Table 3.6 Table of primers. 

Primer name Sequence 

GPCRPT-F-KpnI ATATATGGTACCGCCACCATGAAGACGATCATCGCCC 

GPCRV2-R-NotI ATATATGCGGCCGCCTACGATGAAGTGTCCTTGGCCAGGG 

CRE-FWD  AAAAAAAAATCGATCACCAGACAGTGACGTCAGCT 

CRE-REV AAAAAAAAAGGATCCCTCCCATTGACGTCAATGGGG 

mRNA-Degron-TOP 
CGCGTATTGAATAATTGAATAATTGAATAATTGAATAA 
TTGAATAATTGAATAATTGAATAATTGAATAGC 

mRNA-Degron-BOTTOM 
GGCCGCTATTCAATTATTCAATTATTCAATTATTCAA 
TTATTCAATTATTCAATTATTCAATTATTCAATA 

AdProt-FseI-FWD AAAAAAGGCCGGCCGGTAGAATTCACTCGAGACGCTTAGATCCAGA 

AdProt-degron-REV 

AAAAAACAAGCTTAGACACTAGAGGGTATATAATGGA 
AGCTCGACTTCCAGCTTGGCAATCCGGTACTGTTGG 
TAAAGCCACCACTCTCTTCCGCATCGCTGTC 

AdProt-qPCR-FWD GAAAAGTCCACCCAAAGCGT 

AdProt-qPCR-REV CTGTTGAGCATGGAGTTGGG 

RPLP2-qPCR-FWD  CGTCGCCTCCTACCTGCT 

RPLP2-qPCR-REV CCATTCAGCTCACTGATAACCTT 

AdV-GOI-FWD  CTACATAAGACCCCCACCTTATATATTCTTTCC 

AdV-GOI-REV AGCGGGAAAACTGAATAAGAGGAAGTGAAATC 
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The CRE-AdProt-degron plasmid used for generating Xfect-CRE-AdProt cells was 

created by modifying the CRE-Luciferase plasmid. A genetic region encoding the tripartite 

leader sequence, AdProt, the mRNA degrons, and a SV40 polyadenylation tail was amplified 

from the Lenti-TRE-AdPRot-degron lentiviral plasmid using primers AdProt-FseI-FWD and 

AdProt-degron-REV and cloned into the CRE-Luciferase plasmid using restriction cloning. 

3.6.2 General cell culture. Cells were cultured at 37 °C and 5% CO2(g). New cell lines 

were derived from a parent HEK293A cell line (Thermo Fisher) and cultured in Dulbecco’s 

modified Eagle’s medium (DMEM; Cellgro) supplemented with 10% fetal bovine serum (FBS; 

Cellgro), 1% penicillin–streptomycin (Cellgro), and 1% L-glutamine (Cellgro). For assays 

involving the tetracycline (Tet)-dependent transcriptional activation system (directed evolution of 

dox insensitivity, promoter activity assays, and reverse genetics), Tet-approved FBS (Takara 

Bio) was used. The “producer,” “mutator” (Chapter 2),38 Xfect-CRE-AdProt, and Xfect-CRE-Luc 

cell lines were cultured in 50 μg/mL hygromycin (Thermo Fisher) to stably maintain transgenes. 

The “selector,” “phenotyping” (Chapter 2), and Lenti-CRE-AdProt cell lines were cultured in 1 

μg/mL puromycin (Corning) for the same purpose.  

3.6.3 Generation of cell lines by lentiviral transduction. In a typical protocol, ∼9 × 

106 HEK293FT cells (Thermo Fisher) were plated on a poly-D-lysine-coated 10 cm plate. The 

next day, the cells were co-transfected with plasmids from a third-generation lentiviral packaging 

system: 15 μg of RRE, 6 μg of REV, 3 μg of VSVG, and 15 μg of transfer vector using 60 μL of 

TransIT-Lenti transfection reagent (Mirus Bio). After 72 h, the medium was harvested and 

centrifuged for 5 min at 3200 × g to clear the cell debris. The supernatant was used to 

transduce HEK293A-derived cells supplemented with 4 μg/mL polybrene (Sigma-Aldrich). After 

48 h, the medium was exchanged for DMEM containing appropriate antibiotics to select stable 

cell lines. 

3.6.4 Generation of cell lines and single colonies by stable transfection. In a typical 

protocol, ∼9 × 106 HEK293A cells (Thermo Fisher) were plated on a tissue culture-treated 10 

cm plates. The next day, cells were transfected with 10 μg of the respective plasmid using 30 μL 

of TransIT-Lenti transfection reagent (Mirus Bio). After 72 h, the medium was exchanged for 

DMEM containing appropriate antibiotics to select stable cell lines. After ~two weeks, surviving 

cells were then plated at 1:10000 dilution onto 10 cm plates with appropriate selection media. 

After an additional two weeks, single colonies were physically detached from the plate and 

expanded in appropriate selection media. 

3.6.5 Luciferase assay with Xfect-CRE-AdProt cells. In a typical protocol, ∼5 × 105 

Xfect-CRE-Luc cells are plated on tissue culture-treated 12-well plates. The next day, wells 
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were either: transfected with 1 μg of the respective plasmid using 3 μL of TransIT-Lenti 

transfection reagent (Mirus Bio); infected with GPCR-encoding adenovirus at an MOI ~ 1.0; or 

transfected with PCR-amplified regions of DNA encoding the CMV promoter, gene of interest, 

and polyadenylation tail. 48 h post-expression, cells were washed once with 1× PBS and then 

lysed with 500 μL luciferase assay buffer (0.1 M Tris-HCl, 0.04 M Tris-base, 75 mM NaCl, 3 mM 

MgCl2, 0.25% Triton X-100, 5 mM DTT, 0.2 mM coenzyme A, 0.15 mM ATP, 1.4 mg/mL 

luciferin) for 10 minutes. Cell lysates were then transferred to a white-bottomed 96-well plate 

and luminescence is measured.  

3.6.6 Quantitative PCR (qPCR). In a typical protocol, ∼5 × 105 cells are plated on tissue 

culture-treated 12 well plates. The next day, wells were either: transfected with 1 μg of the 

respective plasmid using 3 μL of TransIT-Lenti transfection reagent (Mirus Bio); or infected with 

GPCR-encoding adenovirus at an MOI ~ 1.0. 48–72 h post-expression, RNA was extracted 

using an E.Z.N.A. total RNA kit (Omega Bio-Tek). cDNA was prepared from 1 μg of purified 

RNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems). qPCR analysis 

for AdProt (primers AdProt-qPCR-FWD and AdProt-qPCR-REV) and the housekeeping gene 

RPLP2 (primers RPLP2-qPCR-FWD and RPLP2-qPCR-REV) was performed on a LightCycler 

480 II (Roche). AdProt transcript levels were normalized to intrasample RPLP2 levels before 

comparing between samples.  

3.6.7 Generation of adenovirus. Adenoviruses were produced by transfecting a PacI 

(New England BioLabs)-linearized vector into appropriate trans-complementing HEK293A cells 

(“producer” cells; Chapter 2). A 10 μg sample of PacI-linearized adenovirus vectors mixed with 

30 μL of TransIT-Lenti transfection reagent (Mirus Bio) was added to a 10 cm plate of producer 

cells (∼8 × 106 cells). The medium was intermittently replaced every 2–3 days until plaques 

were observed (typically ∼3 weeks). Once plaques were detected, full cytopathic effect was 

observed in all cells within 5 days. Upon complete cytopathic effect, the cells and media were 

harvested and subjected to three freeze/thaw cycles. The cell debris was removed by 

centrifugation at 3200 × g for 15 min and the supernatant was stored at −80 °C. Viruses were 

then passaged on producer cells to produce a high-titer stock of virus which was used to initiate 

directed evolution experiments. 

3.6.8 Directed evolution workflow. Ten 10 cm plates of Lenti-CRE-AdProt cells were 

each infected with ~250 μL of high-titer stock of one of ten GPCR-encoding ΔAdPolΔAdProt 

viruses. Once spreading infection was observed and the majority of cells were infected, 500 μL 

of viral media was passaged from a previous round of evolution to a new 10 cm plate of fresh 
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Lenti-CRE-AdProt cells. 2 mL of viral media was also saved from each round of evolution. This 

procedure was repeated for six rounds of evolution. 

3.6.9 Next-generation sequencing of GPCR populations. Viral DNA populations from 

passage zero and passage six of each of the ten evolutions were harvested using a NucleoSpin 

Virus DNA isolation kit (Macherey-Nagel). A region of DNA encompassing the CMV promoter, 

GPCR coding sequence, and polyadenylation tail was amplified from 3 μL of harvested viral 

DNA and PCR-amplified with Q5 High-Fidelity DNA Polymerase (New England BioLabs) for 16 

rounds of amplification using primers AdV-GOI-FWD and AdV-GOI-REV. The resulting PCR 

product was purified and prepared for Illumina sequencing via the NexTera XL DNA Library 

Prep protocol (Illumina). A 150 bp paired-end sequencing was performed on a MiSeq (Illumina). 

Sequencing reads were aligned to the amplicon sequence, which was derived from the GPCR 

adenovirus sequences using BWA and allele pileups were generated using samtools v1.5.65 For 

all samples except a small number of positions in FSHR P0, each position within the GPCR 

gene had at least 5000-fold coverage. 

3.6.10 Viral replication assay. For viral replication assays, ∼5 × 105 cells were plated 

on tissue culture-treated 6 well plates. The next day, media was exchanged and 10 μM 

carbachol was added if appropriate, and then cells were infected with 20 μL of a high titer stock 

of CHRM3-encoding adenovirus. Pictures were taken every two days. After 10 days, viral media 

was harvested and subjected to three freeze-thaw cycles. The cell debris was removed by 

centrifugation at 3200 × g for 15 min and the supernatant was stored at −80 °C. 

3.6.11 Viral titering through flow cytometry. Known volumes of viral supernatants 

were added to AdPol-expressing HEK293A cells. 72 h post-infection, the cells were washed 

once with medium, stained with 0.2 μg/mL DAPI (4′,6-diamidino-2-phenylindole, Thermo 

Fisher), and then analyzed on a BD LSR II analyzer for fluorescent protein expression. 

Infectious titers were determined by measuring the percentage of cells infected by a known 

volume of virus. To minimize counting cells that were infected by more than one virus and to 

minimize any background fluorescence, data were only considered if they fell within the linear 

range, which typically encompassed samples where 0.1–10% of the cells were infected. 
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Chapter 4: Directed evolution of CRISPR 

systems 
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CRE-AdProt cell line genomic integration assay. Amit Choudhary and Vedagopuram Sreekanth 

created the AcrIIA4-CSD constructs.  

 

4.2 Overview of CRISPR systems 

The development of RNA-guided endonucleases, such as CRISPR (clustered regularly 

interspaced short palindromic repeats) systems, has rapidly transformed molecular biology by 

enabling an immensely broad range of precisely targeted genetic perturbations.1 CRISPR 

systems have been used to engineer  genomes across all kingdoms of life, from single-celled 

organisms such as bacteria2 and yeast,3 to complex multicellular organisms such as  plants4-6 and 

mammals.7 CRISPR-based gene editing has entered the clinic for the treatment of human 

disease, including sickle cell disease,8 -thalassemia,8 Duchennes muscular dystrophy,9 and 

Leber congenital amaurosis.10 Furthermore, researchers can expand the capabilities of CRISPR 

gene editing systems by fusing different effector proteins with additional functionalities,11 including 

destabilizing domains,12 transcriptional activators,13 epigenetic modifiers,14 nucleotide 

deaminases, transposases, and prime editing systems.15 Taken together, there are few fields in 

molecular biology that have not been impacted by the advent of CRISPR technologies. 

Because CRISPR systems evolved as adaptive immune systems for bacteria16 to 

recognize and fight off viral infections, CRISPR systems tend to work most efficiently in bacteria. 

While some CRISPR systems can function in mammalian cells, most notably Streptococcus 

pyogenes CRISPR associated protein 9 (Cas9, also referred to as SpCas9 or SpyCas9), most 

CRISPR systems found in nature do not function in mammalian cells.17 The reasons are as 

diverse as the proteins themselves.18 For example, from a biophysical perspective, the protein 

may get trapped in complex with undesirable partners, aggregate, fail to fold owing to lack of the 

correct cognate chaperones, or be directed to degradation. From a functional perspective, the 

protein may be post-translationally modified in a deleterious manner, may mislocalize, or may not 

interact properly with complex signaling pathways or structural features that differ between 

organisms.  
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Figure 4.1 Structure and function of CRISPR-Cas9. (a) Crystal structure of Cas9 bound to a 

guide RNA (gRNA; red) and target DNA (blue). (b) CRISPR-Cas9 gene editing. First, Cas9 (grey) 

binds a gRNA to form a Cas9–gRNA complex. If this complex finds an appropriate DNA region 

complementary to the gRNA and with the correct PAM sequence, DNA cleavage occurs and a 

double strand break is formed. 
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As a result, researchers interested in using CRISPR in mammalian cells are limited to a 

small handful of CRISPR systems from which to choose. By far the most widely-used CRISPR 

system, and indeed the only one that has currently entered the clinic, remains Cas9 (structure19 

shown in Figure 4.1a; mechanism shown in Figure 4.1b20). However, Cas9 presents significant 

limitations for biomedical applications. The cistron encoding Cas9 is ~4.1 kb, while the current 

state-of-the-art gene delivery system—adeno-associated virus (AAV)—can package at most ~4.7 

kb (Figure 4.2).21 Combining SpCas9 and one or more sgRNAs, alongside regulatory sequences 

for proper gene expression, into a single AAV genome is challenging at best.22 Moreover, the 

limited DNA packaging capacity of AAV precludes encoding fusions of SpCas9 with effector 

domains into a single vector, preventing critical therapeutic applications. Beyond AAV, other 

delivery systems that continue to be developed will likewise benefit from a smaller cargo. 

Furthermore, wild-type Cas9 also suffers from a fundamental limitation in which genome sites can 

be targeted.2, 19-20 Canonically, CRISPR systems can only act at genetic sites that contain a Cas-

specific protospacer adjacent motif (PAM). For Cas9, this means that only genetic sites that end 

in a GG dinucleotide can be targeted. While this is likely not a limitation for most gene editing 

applications, it may present a challenge for base editing approaches, which require the Cas9-

deaminase fusion protein to be targeted to a small window of DNA sequences.  

Thousands of Cas proteins have been discovered through genomic mining of bacterial 

genomes.23 Of particular interest for biomedical applications are mini-CRISPRs, or CRISPR-Cas 

systems between 400–600 amino acids in length (Figure 4.2).24-26 Despite efficacious activity in 

vitro and in bacteria, these mini-CRISPRs almost universally show poor activity in mammalian 

cells, erasing their therapeutic potential. Engineering new mini-CRISPRs with improved activity in 

mammalian cells would enable AAV delivery of CRISPR fusion proteins, thereby furnishing 

previously unachievable therapeutic modalities. 
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Figure 4.2 Challenges associated with delivering CRISPR systems using adeno-

associated virus. Adeno-associated virus (AAV) has a packaging capacity of ~4.7 kb. It is 

challenging to package Cas9 with a gRNA and appropriate regulatory untranslated regions 

(UTRs) into a single AAV vector—and currently impossible to package Cas9-fusion proteins with 

valuable additional effector domains such as transcriptional activation domains (shown here, a 

highly active 1.6 kb transcriptional activation domain termed VPR), deaminase proteins (DA; 

shown here, a 2.1 kb adenosine deaminase gene), or reverse transcriptase (RT, used in prime 

editing). Mini-CRISPRs are Class II CRISPR systems 400-600 amino acids in length that could 

enable the packaging of CRISPR fusion proteins into a single AAV vector. 
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4.3 Directed evolution of CRISPR systems 

Efforts to engineer new CRISPR activities through directed evolution have been pursued 

in bacteria. Continuous directed evolution methods in bacteria were used to create Cas9 proteins 

with expanded PAM sequences. The resulting expanded Cas9 variants, termed xCas9-3.6 and 

xCas9-3.7,27 work well in prokaryotes but lose their expanded functionalities in mammalian cells.28 

As a result, efforts to engineer CRISPR systems usually rely on structural information, limiting 

researchers to a small number of structurally characterized CRISPR systems including the 

overwhelming majority of mini-CRISPRs.19, 27, 29-30 Yet even when structural information is used, 

the resulting engineered proteins also tend to have decreased activity in mammalian cells, once 

again highlighting the necessity to perform biomolecule optimization in the intended environment 

of activity.  

The setbacks and limitations of previous CRISPR engineering efforts to created 

engineered CRISPR systems that maintain high activity in mammalian cells present a compelling 

use-case for our directed evolution platform. Our system evolves proteins directly in the 

mammalian cellular context, ensuring that protein variants are highly active in the desired 

environment.31 Our system has a large trans-gene packaging capacity, enabling us to evolve large 

genes such as Cas9 and even some Cas9 fusions. The flexibility of wide-ranging activity of 

CRISPR and the CRISPR toolbox writ large provide ample room to creatively engineer selection 

circuits that can be modified to evolve a variety of desired functionalities. Lastly, the parallelizable 

nature of our platform allows us to pursue many CRISPR systems and CRISPR activities 

simultaneously, including those without prior structural information. 

 

4.4 Adapting our virus-based platform for the directed evolution of CRISPR systems 

Due to the wide variety of activities CRISPR systems have been engineered to perform,11 

there are countless synthetic genetic circuits that could be used to evolve CRISPR systems.32 

Before adapting our virus-based platform toward the directed evolution of CRISPR systems, we 

first evaluated the benefits of three potential selection circuits (Figure 4.3).  
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Figure 4.3 Adapting our platform toward the directed evolution of CRISPR systems. (a) A 

gene editing selection circuit. A stably integrated repressor gene prevents constitutive 

transcription of AdProt. If an active Cas protein can disrupt the repressor gene, transcriptional 

repression will be relieved and AdProt will be expressed. (b) A CRISPR activation (CRISPRa) 

selection circuit. AdProt is stably integrated into the host cell genome without being actively 

transcribed. Active CRISPRa systems—such as a dead Cas protein (dCas) fused to a 

transcriptional activation domain (TAD)—will induce transcription and ultimately expression of 

AdProt. (c) A base editing selection circuit. A stably integrated non-functional AdProt variant is 

constitutively expressed from the host cell genome. If an active base editor—such as a dCas 

protein fused to a deaminase domain—restores the functional AdProt gene.  
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First, we considered a gene editing-based selection circuit (Figure 4.3a). In one 

implementation of such a circuit, the host cell encodes a repressor that binds upstream of AdProt, 

preventing constitutive transcription. If the virally-encoded CRISPR system deactivates the 

repressor through gene editing, AdProt will be constitutively expressed and the virus will replicate. 

The main benefits for using gene editing with our platform are: (1) the Cas protein requires minimal 

engineering; (2) the circuit depends upon natural CRISPR activity; (3) the flexibility in repressor 

choice allows additional levers of control, including small-molecule control over basal expression 

levels.  

Second, we considered a transcriptional activation-based selection circuit (Figure 4.3b). 

In one implementation of such a circuit, the viral genome encodes a CRISPR activation 

(CRISPRa)13 construct and the host cell encodes AdProt without constitutive transcription. 

Viruses will replicate upon CRISPRa-based transcription of AdProt. The main benefits for using 

CRISPRa are: (1) it is compatible with all of our previously developed cell lines with minimal cell 

engineering required; (2) CRISPRa systems demonstrate tremendous dynamic range; (3) 

CRISPRa has previously been used to drive a selection circuit for virus-based directed evolution 

in bacteria.27 

Third, we considered a base editing-based selection circuit (Figure 4.3c). In one 

implementation of such a circuit, the host cell encodes a constitutively express but catalytically 

dead (or truncated) AdProt gene, upon which the virally encoded base editor15 will act and restore 

AdProt to functionality. The main benefits for base editing are: (1) theoretically, extremely low 

basal rates of replication; (2) selects for precise editing with high activity; (3) could be implemented 

to select for new base editing activities, such as generating transversions as opposed to 

transitions.  

Ultimately, we decided to initially pursue a CRISPRa-based selection circuit, since such a 

circuit would be readily compatible with our previously engineered cell lines and could be easily 

adapted to mini-CRISPR systems. However, future implementations of CRISPR evolution should 

consider these and other selection circuits to enable the evolution of new activities or to improve 

upon our current circuits. 

4.4.1 Validating CRISPRa in our engineered cell lines. Previous efforts to evolve 

CRISPR systems using continuous viral evolution employed CRISPR activation (CRISPRa) to 

create a functional selection circuit. In the development of xCas9-3.6 and xCas9-3.7,27 Liu and 

co-workers fused a bacterial transcriptional activation domain (TAD) on a catalytically dead 

variant of Cas9 (dCas9), and made the propagation of M13 bacteriophage dependent upon 



129 
 

dCas9-TAD induced transcription of the essential M13 protein pIII. We rationalized that a similar 

concept could be adapted to create a selection circuit in mammalian cells. 

Numerous implementations of CRISPRa have been previously developed, with 

engineering and activity trade-offs. The first reports of CRISPRa involved fusing dCas9 to VP64,33 

a common mammalian TAD consisting of four copies of the widely-used transcriptional activation 

domain of herpes simplex virus protein 16. Even though VP64 resulted in high activity for 

numerous other engineered transcription factors, dCas9-VP64 activated transcription relatively 

poorly, sparking a search for more active systems. Three systems, all with similar levels of 

activity,34 eventually proved to work most efficiently in mammalian cells: SAM,35 SunTag,36 and 

VPR.37 In choosing between these three systems, we ultimately decided upon VPR—a fusion of 

VP64, the TAD of the human transcription factor NF-κB termed p65, and the TAD of the Epstein-

Barr virus R transactivator termed rTA—because of its modularity, its capacity to be immediately 

implemented into our system without significant host cell engineering, and the fact that it does not 

rely on structural information for proper design.  

To validate that CRISPRa could be implemented in our cell lines, our first goal was to 

demonstrate that we could use dCas9-VPR to activate transcription in our HEK293A cell lines. 

This initial test required us to optimize gRNA cloning, dCas9-VPR and gRNA expression, and 

CRISPRa activity in general. We used previously verified gRNA sequences34 to activate 

transcription of TTN and ASCL1, successfully optimizing our transfection protocol and observing 

high levels of transcriptional activation in HEK293A cells (Figure 4.4). Observing a >700-fold 

increase in ASCL1 levels was greatly encouraging, and indicated that we may be able to observe 

high levels of AdProt induction with CRISPRa. 
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Figure 4.4 CRISPR-based transcriptional activation of endogenous genes. A CRISPRa 

system, dCas9-VPR, activated transcription of two endogenous human genes: Achaete-scute 

homolog 1 (ASCL1) and titin (TTN). 
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4.4.1 A suitable host cell for CRISPRa-based viral selection. As a result of generating 

various selection circuits in Chapters 2 and 3, we had previously developed a number of cell lines 

that we could potentially use as a host for a CRISPRa-based selection circuit.  

In Chapter 3, we observed that Xfect-CRE-AdProt cells #3, #4, and #5 showed remarkably 

low levels of AdProt expression, which we realized was key to the successful demonstration of a 

selection circuit. Therefore, we rationalized that these cells could be ideal for a CRISPRa-based 

directed evolution circuit. However, because we generated these cells through random plasmid 

integration, we were unsure to what extent the plasmid incorporated into the genome. If the 

plasmid integrated incompletely or with substantial defects, we would have to accordingly modify 

our design of gRNAs that target AdProt. We harvested genomic DNA from these cellular 

populations and PCR amplified regions of DNA that encoded successively larger regions of the 

stably transfected CRE-AdProt plasmid (Figure 4.5a). We observed that all three cell lines had 

at least 1,000 bp of DNA upstream of AdProt integrated into cellular genome (Figure 4.5b), 

permitting us to proceed with designing gRNAs for all three cell lines. 

We next tested whether we could activate AdProt from Xfect-CRE-AdProt #3, #4, and #5 

cells (Chapter 3) using CRISPRa. We designed nine gRNAs to target dCas9-VPR to the 5′ UTR 

of AdProt between 80–250 bp before the transcription start site. We transfected a dCas9-VPR-

encoding plasmid and all nine gRNAs, and measured AdProt levels through qPCR (Figure 4.6). 

While saw modest activation for cell lines #3 and #4, we saw a 97-fold increase in AdProt levels 

in cell line #5. From these three cells, we observed not only the lowest basal levels of AdProt 

expression in cell line #5, but also the highest levels of AdProt expression upon activation. 
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Figure 4.5 Characterizing the extent of genomic integration of a stably transfected plasmid 

in Xfect-CRE-AdProt cells. (a) A portion of the plasmid map for the genetic construct used to 

stably transfect Xfect-CRE-AdProt cells. DNA primers were spaced throughout the 5′ 

untranslated region and in the AdProt gene itself. PCR amplification was performed on prepared 

genomic DNA to determine the extent of genomic integration. (b) DNA agarose gels of the PCR 

amplification products for the plasmid by itself and three homostable populations of Xfect-CRE-

AdProt cells (#3, #4, and #5). Lanes in each gel, from left to right: 1 kb ladder and 100 bp ladder 

(except #3), then PCR amplification products ranging from 150 bp to 1000 bp. 
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Figure 4.6 CRISPR-based transcriptional activation of the exogenous adenoviral protease. 

A CRISPRa system, dCas9-VPR, activated transcription of exogenously encoded AdProt in three 

single colonies of Xfect-CRE-AdProt cells (#3, #4, and #5).   
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We next tested whether dCas9-VPR-encoding adenoviral replication on these cell lines 

was dependent upon gRNA expression. We infected cell lines #3, #4, and #5 with virus with or 

without gRNA expression, and monitored viral replication for 10 days before harvesting the virus 

(Figure 4.7a). We observed that the dCas9-VPR-encoding virus (which also encodes mCherry, 

a red fluorescent protein) could replicate robustly dependent on the presence of the nine gRNAs. 

We then quantified viral replication through plaque assay (Figure 4.7b), and observed that the 

virus was highly dependent on gRNA expression in all three cell lines. Cell line #5 stood out, with 

extremely low viral replication in the absence of gRNAs, as we were unable to observe any viral 

replication in our plaque assays. In an effort to quantify the low background rate of cell line #5, 

we used flow cytometry to quantify the concentration of infectious particles, and observed a 3,500-

fold difference in viral titer between cells with and without gRNA expression (Figure 4.7c). 
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Figure 4.7 CRISPRa-dependent viral replication. (a) Xfect-CRE-AdProt cells were infected 

with dCas9-VPR- and mCherry-encoding adenovirus, either in the presence (top) or absence 

(bottom) of gRNAs targeted to AdProt. Images shown were taken on day 2, day 6, and day 10. 

The appearance of cell death in brightfield images (see red boxes) and the spreading of 

fluorescent over the course of the ten-day infection period indicates viral replication only in the 

presence of gRNAs. (b) After ten days of infection, viruses were harvested and the resulting viral 

titers were measured through a plaque assay. (c) For cell line #5, flow cytometry was used to 

determine viral titer, owing to the technique’s higher sensitivity.   
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4.4.2 Implementation of two CRISPRa-based selection circuits. With these data in 

hand, we next sought to create evolutionary selection circuits that would select for valuable new 

activities of Cas9. Evolving Cas9 would be valuable not only as a proof-of-principle for our ultimate 

targets, such as mini-CRISPRs, but also because Cas9 remains the best-performing system in 

mammalian cells, and new engineering efforts of Cas9 for activity specifically in mammalian cells 

would be impactful in its own right. Toward this end, we created two selection circuits for evolving 

Cas9 toward new activities (Figure 4.8).  

The first selection circuit is designed to evolve Cas9 variants with expanded PAM 

capacities (Figure 4.8a). Cas9 shows a strong preference for gRNAs that target sequences with 

an NGG PAM, and shows poor activity at non-NGG PAMs. Previous efforts to evolve Cas9 

variants with expanded PAMs in bacteria have created variants that do not retain the expanded 

PAM preferences and have lower activity in mammalian cells.28 Therefore, PAM expansion is an 

attractive target for directed evolution in mammalian cells, where such issues of translation are 

less likely to occur. We engineered 9–10 gRNAs to target AdProt for each the following non-NGG 

PAMs: NGA, NAG, NAA, and NGT. We then tested the ability of dCas9-VPR-encoding viruses to 

replicate on Xfect-CRE-AdProt cell lines #3, #4, and #5 in the presence of gRNAs targeting NGG 

or non-NGG PAMs, and measured the resulting viral titers through plaque assay (Figure 4.9). 

We observed robust replication for cells expressing gRNAs that target NGG PAMs and much 

poorer replication for all other PAM sequences. Most notably, cell line #5 showed the highest level 

of selection—both producing the highest titer with NGG gRNAs and the lowest titers with all other 

non-NGG PAM gRNAs. Encouragingly, we also observed that cell lines #3 and #4 showed more 

permissive replication at non-NGG PAMs, demonstrating that we can modulate selection pressure 

by choosing the appropriate cell line. These data clearly show that significant selection pressure 

exists for dCas9-VPR-encoding viruses to evolve activities expanded PAM. 
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Figure 4.8 Selection circuits for the directed evolution of Cas9 in mammalian cells. (a) A 

selection circuit to expand the PAM sequences targetable by Cas9. Wild-type (WT) dCas9-VPR 

activates transcription of AdProt when complexed to gRNAs that target NGG PAMs. While WT-

dCas9-VPR will not activate transcription at non-NGG PAMs, an evolved dCas9-VPR variant with 

expanded PAM activity would be able to activate transcription of AdPot, thereby enabling viral 

replication. (a) A selection circuit to create AcrIIA4-resistant Cas9 variants. While WT-dCas9-

VPR is inhibited from activating transcription in the presence of the anti-CRISPR protein AcrIIA4, 

an evolved dCas9-VPR variant would be able to activate transcription of AdPot in the presence 

of AcrIIA4, thereby enabling viral replication. 
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Figure 4.9 Characterizing selection pressure in a PAM expansion selection circuit. Xfect-

CRE-AdProt cells (a) #3, (b) #4, and (c) #5 were infected with dCas9-VPR-encoding adenovirus 

in the presence of gRNAs targeting different PAM sequences. After ten days of infection, viruses 

were titered using a plaque assay.  
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Figure 4.10 Characterizing selection pressure in an AcrIIA4 inhibition selection circuit. 

Xfect-CRE-AdProt cells (a) #3, (b) #4, and (c) #5 were infected with dCas9-VPR-encoding 

adenovirus in the presence of various AcrIIA4 constructs, including wild-type AcrIIA4 and AcrIIA4-

CSD, a variant of AcrIIA4 that is rapidly degraded in the presence of pomalidomide (drug). After 

ten days of infection, viruses were tittered using a plaque assay. 
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The second selection circuit is designed to evolve Cas9 variants that are resistant to anti-

CRISPR proteins (Acrs; Figure 4.8b). Acrs, proteins that inhibit the activity of CRISPR systems,38 

have emerged as an intriguing aspect of the evolutionary arms race between bacteriophage and 

the CRISPR-encoding bacteria they infect.39 We were intrigued by the possibility of evolving Cas9 

to resist AcrIIA440 (the most potent Acr against Cas9), both as a straightforward proof-of-principle 

evolution experiment and as a way to glean insight into the mechanism of AcrIIA4 inhibition. We 

tested the ability of dCas9-VPR-encoding viruses to replicate on Xfect-CRE-AdProt cell lines #3, 

#4, and #5 in the presence of AcrIIA4, and measured the resulting viral titers through plaque 

assay (Figure 4.10). We observed strong inhibition of viral replication in the presence of AcrIIA4. 

We also tested the ability of a variant of AcrIIA4 (AcrIIA4-CSD) to inhibit Cas9 activity. AcrIIA4-

CSD is degraded in the presence of the drug pomalidomide in a dose-dependent manner, 

potentially providing small molecule control of selection pressure. While we observed that viruses 

replicated poorly in the presence of AcrIIA4-CSD, once again we demonstrated that we can 

modulate selection pressure, in this case through drug treatment. 

Taken together, these data strongly confirm that we are able to adapt our platform toward 

the directed evolution of CRISPR systems. 

 

4.5 Discussion 

While CRISPR systems have enormous potential to impact human health, current systems 

require improvements—improvements that also critically depend on activity in mammalian cells. 

We have demonstrated the viability of a directed evolution circuit for evolving CRISPR activities 

directly in human cells with a continuous, virus-based method. We demonstrated two selection 

circuits to evolve valuable CRISPR functions, expanded PAM compatibility and Acr resistance.  

The CRISPRa-based selection circuits we have developed dramatically outshine those 

developed in Chapters 2 and 3. While the successful tTA-based selection circuit showed ~10-fold 

change in viral replication, and the GPCR-based selection circuit showed ~2-fold change, the two 

CRISPRa-based selection circuits showed a remarkable >1,000-fold change in viral titers upon 

applying selection pressure. Even the increases in AdProt levels are striking—whereas tTA and 

GPCRs demonstrated at most ~10-fold increases in AdProt levels, CRISPRa demonstrated ~100-

fold increase in AdProt levels. Unlike tTA and GPCRs, we were not required to make bespoke 

cell lines to demonstrate these selection circuits, rapidly accelerating our experimental timelines 

and allowing us to quickly characterize a broad range of extant cell lines.  

Even with these promising developments, improvements to our CRISPR-based selection 

circuits are well within reach. Simply considering CRISPRa, improvements abound. The 775-fold 
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increase in ASCL1 levels (Figure 4.4) is nearly an order of magnitude higher than the 97-fold 

increase in AdProt levels in Xfect-CRE-AdProt cells, and increases of 10,000-fold have been 

previously observed with the dCas9-VPR system.34, 37 New stably transfected cells could be 

created that allow for small molecule control over AdProt levels, allowing for the precise 

modulation of selection pressure over the course of an evolution. Lastly, simply picking new 

homostable single colonies from the transfected heterostable population may reveal cells with 

ever wider dynamic ranges. Beyond CRISPRa, additional selection circuits (as in Figure 4.3 and 

beyond) could provide improved selection pressure and would allow for the evolution of different 

CRISPR activities. 

Even without these improvements, the selection circuits position us well to perform many 

valuable directed evolution campaigns, from Acr resistance to expanded PAM sequences to the 

evolution of highly efficacious mini-CRISPRs. Most importantly, by performing these evolutions 

directly in mammalian cells, we ensure that the evolved proteins will function in the environment 

in which they are intended to function. Undoubtedly, the future of this project is bright. 

 

4.5 Methods  

4.5.1 Cloning methods. All PCR reactions for cloning cassettes were performed using 

Q5 High-Fidelity DNA Polymerase (New England BioLabs). The dCas9-VPR construct was 

obtained from Addgene, deposited by George Church (Addgene plasmid #63798).37 The parent 

gRNA expression plasmid was obtained from Addgene, deposited by Charles Gersbach 

(Addgene plasmid #47108).41 The AcrIIA4 plasmid was obtained from Amit Choudhary.42 The 

AcrIIA4-CSD plasmid, with a C-terminal degradation tag termed superdegron,43 was also obtained 

from Amit Choudhary. Primers are listed in Table 4.1. 
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Table 4.1 Table of primers. 

Primer name Sequence 

dCas9-FRAG-FOR  TGGATCCGCCACCATGGACAAGAAGTACT 

dCas9-FRAG-REV GGGTCTAGATATTCAAAACAGAGATGTGTCGAAGATGG 

pENT-VECT-FOR  CTCTGTTTTGAATATCTAGACCCAGCTTTCTTGTACAAAGT 

pENT-VECT-REV ATGGTGGCGGATCCAGTCGACTGAATTGG 

TTN-qPCR-FWD  TGTTGCCACTGGTGCTAAAG 

TTN-qPCR-REV ACAGCAGTCTTCTCCGCTTC 

ASCL1-qPCR-
FWD  CGCGGCCAACAAGAAGATG 

ASCL1-qPCR-REV CGACGAGTAGGATGAGACCG 

AdProt-qPCR-
FWD  GAAAAGTCCACCCAAAGCGT 

AdProt-qPCR-REV CTGTTGAGCATGGAGTTGGG 

RPLP2-qPCR-
FWD  CGTCGCCTCCTACCTGCT 

RPLP2-qPCR-REV CCATTCAGCTCACTGATAACCTT 
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The dCas9-VPR construct was first cloned into pENTR1A using Gibson cloning with the 

HiFI Assembly Kit (New England BioLabs; primers dCas9-FRAG-FOR and dCas-FRAG-REV for 

dCas9-VPR amplification and pENT-VECT-FOR and pENTR-VECT-REV for pENTR1A vector 

amplification). Then, dCas9-VPR was cloned into DEST40 (ThermoFisher) and AdEvolveDEST 

(Chapter 2) using Gateway cloning (ThermoFisher).  

4.5.2 General cell culture. Cells were cultured at 37 °C and 5% CO2 (g). New cell lines 

were derived from a parent HEK293A cell line (Thermo Fisher) and cultured in Dulbecco’s 

modified Eagle’s medium (DMEM; Cellgro) supplemented with 10% fetal bovine serum (FBS; 

Cellgro), 1% penicillin–streptomycin (Cellgro), and 1% L-glutamine (Cellgro). The “producer,” 

(Chapter 2), Xfect-CRE-AdProt, and Xfect-CRE-Luc (Chapter 3) cell lines were cultured in 50 

μg/mL hygromycin (Thermo Fisher) to stably maintain transgenes.  

4.5.3 Generation of cell lines. Producer cells were generated as described in Chapter 

2.31 Xfect-CRE-AdProt and Xfect-CRE-AdProt cells were generated as described in Chapter 3. 

4.5.4 Quantitative PCR (qPCR). In a typical protocol, ∼5 × 105 cells are plated on tissue 

culture-treated 12-well plates. The next day, wells were transfected with 1 μg of total DNA using 

3 μL of TransIT-Lenti transfection reagent (Mirus Bio). For experiments using dCas9 and gRNAs 

(including gRNAs targeting NGG and non-NGG PAMs), 0.5 μg of dCas9-VPR-DEST40 plasmid 

and 0.5 μg of a pooled panel of 9–10 gRNA expression plasmids were transfected. For 

experiments transfecting dCas9, gRNAs and AcrIIA4 constructs, 0.5 μg of dCas9-VPR-DEST40 

plasmid, 0.3 μg of a pooled panel of 9–10 gRNA expression plasmids, and 0.2 μg of plasmids 

encoding AcrIIA4 constructs were transfected. 72 h post-expression, RNA was extracted using 

an E.Z.N.A. total RNA kit (Omega Bio-Tek). cDNA was prepared from 1 μg of purified RNA using 

a high-capacity cDNA reverse transcription kit (Applied Biosystems). qPCR analysis for TTN 

(primers TTN-qPCR-FWD and TTN-qPCR-REV), ASCL1 (primers ASCL1-qPCR-FWD and 

ASCL1-qPCR-REV), AdProt (primers AdProt-qPCR-FWD and AdProt-qPCR-REV), and the 

housekeeping gene RPLP2 (primers RPLP2-qPCR-FWD and RPLP2-qPCR-REV) was 

performed on a LightCycler 480 II (Roche). Transcript levels were normalized to intrasample 

RPLP2 levels before comparing between samples. 

4.5.5 Generation of adenovirus. Adenoviruses were produced by transfecting a PacI 

(New England BioLabs)-linearized AdEvolveDEST vector into appropriate trans-complementing 

HEK293A cells (“producer” cells; Chapter 2). A 10 μg sample of PacI-linearized adenovirus 

vectors mixed with 30 μL of TransIT-Lenti transfection reagent (Mirus Bio) was added to a 10 cm 

plate of producer cells (∼8 × 106 cells). The medium was intermittently replaced every 2–3 days 

until plaques were observed (typically ∼3 weeks). Once plaques were detected, full cytopathic 
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effect was observed in all cells within 5 days. Upon complete cytopathic effect, the cells and media 

were harvested and subjected to three freeze/thaw cycles. The cell debris was removed by 

centrifugation at 3200 × g for 15 min and the supernatant was stored at −80 °C. Viruses were 

then passaged on producer cells to produce a high-titer stock of virus which was used to initiate 

directed evolution experiments. 

4.5.6 Viral replication assay. For viral replication assays, ∼5 × 105 cells were plated on 

tissue culture-treated 6 well plates. The next day, media was exchanged and 10 μM carbachol 

(Sigma Aldrich) was added if appropriate, and then cells were infected with 20 μL of a high titer 

stock of dCas9-VPR-encoding adenovirus. Pictures were taken every two days. After 10 days, 

viral media was harvested and subjected to three freeze-thaw cycles. The cell debris was 

removed by centrifugation at 3200 × g for 15 min and the supernatant was stored at −80 °C. 

4.5.7 Viral titering through flow cytometry. For viral replication assays, ∼5 × 105 cells 

were plated on tissue culture-treated 12-well plates. The next day, known volumes of viral 

supernatants were added to cells. 72 h post-infection, the cells were washed once with medium, 

stained with 0.2 μg/mL DAPI (4′,6-diamidino-2-phenylindole, Thermo Fisher), and then analyzed 

on a BD LSR II analyzer for fluorescent protein expression. Infectious titers were determined by 

measuring the percentage of cells infected by a known volume of virus. To minimize counting 

cells that were infected by more than one virus and to minimize any background fluorescence, 

data were only considered if they fell within the linear range, which typically encompassed 

samples where 0.1–10% of the cells were infected. 

4.5.8 Viral titering through plaque assay. For viral replication assays, ∼5 × 105 producer 

cells were plated on tissue culture-treated 6-well plates. The following day, 100 μL of viral 

supernatants of various dilutions (across six orders of magnitude from 100 to 10−6) were added to 

cells. Six hours post-infection, media was taken off the wells and replaced with media with 0.4% 

agarose. Infected wells were monitored to observe the spreading viral plaques until they were 

large enough to be visible bye eye (roughly 3 weeks). Once plaques were observable, the wells 

were stained with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide, 50 mg/10 

mL in PBS; Research Products International) and developed for 2 h, after which macroscopically 

observable viral plaques were counted. To maximize the accuracy of the viral titer, data were only 

considered if they fell within the linear range, which typically encompassed dilutions where 5–50 

viral plaques were counted in an individual well. 
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Chapter 5: A look at the future of directed 

evolution in mammalian cells 
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5.1 Overview of targets for mammalian cell-based directed evolution 

5.1.1 Introduction. With the development of broadly useful and efficient platforms for 

mammalian cell-based directed evolution, new targets for directed evolution are now within reach. 

Below, we highlight examples of targets for which mammalian cell-based directed evolution 

should prove particularly impactful, categorized into broadly conserved cellular processes, 

metazoan-specific processes, or mammalian-specific processes (Figure 5.1). Within each of 

these categories, targets include biomolecules that natively perform relevant biological functions 

and non-native proteins that can be evolved to perturb those same native functions.  

5.1.2 Considering targets for directed evolution in mammalian cells. Genes unique 

to mammals provide perhaps the most obvious examples of targets that would benefit from 

mammalian cell-based directed evolution. Even when a given conserved process is shared 

between kingdoms, it is often the case that directed evolution experiments to understand or 

perturb the mammalian version of that process still need to be performed in mammalian cells. As 

discussed in Chapter 1, protein variants evolved and optimized in lower organisms often fail to 

function properly once they are reintroduced into mammalian cells. Further, even for well-

conserved biological processes, mammalian protein families often contain numerous paralogs 

that have highly differentiated functions. Likewise, there are many distinctive mammalian cell 

types with unique features that can greatly influence protein folding, modification, or activity.1 

Finally, even successful instances of directed evolution experiments involving conserved targets 

in lower organisms should not necessarily preclude similar experiments being performed in 

mammalian cells. On the contrary, they facilitate such experiments by providing a roadmap for 

researchers interested in evolving the same or improved protein activities in a vastly different 

environment.  

 

5.2 Directed evolution targets conserved across all kingdoms  

Although all cells share some common processes, the specific mechanisms by which 

these processes are carried out are typically not readily transferable between organisms. Some 

illustrative examples (Figure 5.1a) of general cellular processes that present compelling targets 

for mammalian cell-based directed evolution are discussed below.  
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Figure 5.1. Selected examples of high-impact targets for mammalian cell-based directed 
evolution. Targets for mammalian cell-based directed evolution encompass targets across the 
phylogenetic tree of life, from (a) processes conserved in all kingdoms of cellular life to (b) 
processes specific to multicellular life to (c) processes specific to mammals. 
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5.2.1 Transcription and translation. Tools to regulate and control transcription and 

translation are crucially important for molecular biology and are active areas of research for the 

treatment of diseases such as cancer.2-4 While RNA polymerase II is highly conserved from yeast 

to mammals,5-6 many mammalian transcription factors, activators, and repressors do not function 

appropriately in yeast.7 Moreover, mammalian cells have many more RNA polymerase II subunits 

than do yeast—subunits with important and diverse functions.5-6 Studying these subunits, and the 

complex transcriptional machinery altogether, requires numerous known and unknown 

components already present in mammalian cells but absent in lower organisms. 

Tools to control and enhance translation are also invaluable, both for fundamental and 

medical research. For example, genetic code expansion through unnatural amino acid 

incorporation has profoundly impacted our understanding of translation and spurred the growth 

of the genetically encoded biological toolbox.8 Although each organism requires tools that are 

orthogonal to endogenous machinery, the current standard practice to create engineered amino 

acyl tRNA synthetases (aaRSs) for use in mammalian cells is to transport functional aaRSs from 

yeast and hope they retain orthogonality.9 As a result, the toolkit for unnatural amino acid 

incorporation in mammalian cells is limited as compared to yeast or bacterial systems, although 

efforts of Chatterjee and co-workers highlight the potential of new strategies for generation of 

such tools.10-11 Likewise, efforts to engineer the ribosome have seen exciting progress, but are 

almost exclusively focused on ribosomes from lower organisms like Escherichia coli.12 

Successfully and reliably evolving new mammalian cell-compatible tools for enhancing both 

transcription and translation will often require mammalian cell-based directed evolution. 

5.2.2 Post-translational engagement. Almost as soon as translation initiates, nascent 

proteins begin to interact with many cellular components that aid in attaining proper structure and 

function. These include interactions with the proteostasis network, functional partners, and post-

translational protein modification machineries. The differences in these systems between 

mammals and lower organisms can dramatically impact protein function.  

Many high-impact targets for directed evolution require the mammalian proteostasis 

machinery to assist their folding and maturation.13 This challenge is particularly acute for complex 

and large proteins, such as membrane proteins14 or protein trafficking machineries. Beyond just 

the clients of mammalian proteostasis networks, the directed evolution of chaperones15 or 

chaperone modulators in mammalian cells could lead to a much deeper understanding of the 

mammalian proteostasis network, as well as to strategies for enhanced production of well-folded 

mammalian proteins. Mammalian proteins also show a much larger diversity of post-translational 

modifications than yeast or bacteria, but the tools to genetically encode and control post-
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translational modification in mammalian cells are primitive at best.16 Although directed evolution 

schemes have been developed in simple systems to evolve kinases,17 phosphatases,18 lectins,19 

glycosyltransferases,20 and proteases,21 these targets are very rarely evolved in mammalian cells. 

Developing specialized tools to control and enhance mammalian-specific proteostasis machinery 

and post-translational modifications, particularly through mammalian cell-based directed 

evolution, would have enormous fundamental and biomedical research impacts. 

 

5.3 Directed evolution targets from metazoan-specific processes 

Metazoans have evolved many biological functions that do not exist in single-celled 

organisms. Pathways involved in these functions will provide fertile ground for many important 

mammalian cell-based directed evolution experiments, both for natively functioning proteins as 

well as for non-native proteins that perturb these processes (Figure 5.1b). 

5.3.1 Differentiation and development. All metazoan organisms develop from a single 

cell, the descendants of which create a vast diversity of cell types. The underlying regulatory 

pathways that drive differentiation and development cannot be easily replicated in single-celled 

organisms such as yeast. Efforts to study or control differentiation and development, for example 

by employing epigenetic modifiers22 and pioneer factors,23 would benefit greatly from mammalian 

cell-based directed evolution. 

Efforts to control epigenetic modification include orthogonal write-read epigenetic 

markers24 and CRISPR-Cas9-based epigenome modifiers,25 and the application of naturally 

occurring pioneer factors allows researchers to generate differentiated cell lines from pluripotent 

stem cells. Directed evolution of modified versions of these tools with improved small molecule 

control, more or less promiscuous activity, and expanded scope of activity would dramatically 

improve our ability to study and control cellular development and differentiation.  

5.3.2 Communication. Unlike single-celled organisms, metazoans must implement 

higher-order communication to interpret environmental and endogenous cues. Engineering 

biomolecules in these pathways can create fundamental insights into the neurological pathways 

that drive behavior and may even allow precision engineering of organismal behavior. G-protein 

coupled receptors, involved in the sensing of light, smell, and aspects of taste,26 are well-suited 

for mammalian cell-based directed evolution (Chapter 3).27 The study of ion channels, involved in 

the sensing of heat, touch, and aspects of taste,28 has benefited tremendously from engineering 

efforts but has yet to be significantly impacted by directed evolution. Conveniently, successfully 

engineering biomolecules in the complex senses will directly impact organism behavior, allowing 

researchers to easily employ these engineered biomolecules in model mammalian organisms. 
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Along similar lines, neuroscientists often rely on electrophysiology and imaging techniques 

to identify biochemical underpinnings of neurological activity. Engineered proteins that allow 

precise control through small molecules or light can help elucidate many neurological pathways. 

Indeed, evolved neurological receptors integral to neurological pathways have been important for 

advances in molecular neuroscience.29 Further development of these proteins and others 

associated with neural function will undoubtedly provide even greater levels of control and expand 

the molecular neuroscientist’s toolbox even further. 

 

5.4 Directed evolution targets for mammalian-specific processes and needs  

Some processes are important to study simply because we, as mammals, find them to be 

particularly important (Figure 5.1c).  

5.4.1 Historical evolution. Directed evolution is an accelerated laboratory mimic of 

natural evolution. Thus, it can be used to study factors that impact natural evolutionary history. 

Protein fitness landscapes can be probed by directed evolution, yielding evolutionary insights and 

detailed information about protein function and stability.30 Such studies are rarely performed in 

mammalian cells but, when they are, they often identify important cellular factors that may have 

impacted historical evolution.31-32 Studying some of the fastest evolving genes in the human 

genome may help characterize the traits that evolved during the recent speciation of Homo 

sapiens. By evolving mammalian genes in the mammalian cell setting, but on a laboratory-

timescale, we may be able to glimpse into our own history. 

5.4.2 Treatments for human diseases. Directed evolution has already transformed the 

way we treat disease. One class of proteins, antibodies, demonstrates the tremendous 

therapeutic potential of evolving mammalian proteins.33 The clever application of directed 

evolution of antibodies has also spawned the development of chimeric antigen receptors, where 

immune cell receptors can be engineered to target specific antigens.34 But opportunities in this 

space go far beyond just antibodies. Many other mammalian proteins can have therapeutic 

impacts through other modalities. By using directed evolution, we may even be able to generate 

new proteins to solve problems for which natural evolution did not provide any answer. A 

compelling modern example is CRISPR enzymes that may be valuable for disease treatment 

(Chapter 4). Optimization of gene editing and other key functions directly in mammalian cells may 

prove critical for successful development of CRISPR-based therapeutics.  
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5.5 Concluding remarks 

The development of biotechnologies purpose-built for application in mammalian cells have 

produced remarkable advances in mammalian cell-based directed evolution platforms. With 

numerous established techniques and a wide range of useful targets to evolve, there is ample 

opportunity for growth in this field. Impactful and potentially transformative targets abound in the 

mammalian genome and beyond, many of which have never been evolved or engineered before. 

Looking forward, improvements in library size and library complexity could be achieved by 

employing large synthetic DNA libraries or less biased random mutagenesis techniques. 

Furthermore, improved strategies for negative selection, more efficient methods for cellular 

screening, and strategies for the routine implementation of effective selection couples should 

expand the scope of activities that can be efficiently and reliably evolved in mammalian cells. I 

expect that the method described in this thesis, and its descendants, will serve to democratize 

mammalian cell-based directed evolution, such that researchers may soon routinely use virus-

based directed evolution to augment their own specific fields of study without needing to invent 

or develop the techniques. If so, we will more rapidly enter a new age of mammalian biology—

one not only of discovery, but of invention. 
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