


Abstract

Developing a toolkit for modular adeno-associated virus surface
display of peptides and proteins

by

Nicole Nisha Thadani

Engineering biocomputation in nanotherapeutics is a growing field for the creation of devices that re-
spond to their environment to diagnose diseases or deliver targeted treatments. Viruses are genetically
encoded nanoplatforms that come prepackaged with sense-response behaviors allowing them to navigate
cellular entry, genome delivery and replication. The field of synthetic virology seeks to enhance viral perfor-
mance for delivery applications by refactoring viruses into well-characterized domains that can be exchanged
or augmented with exogenous functional motifs. Adeno-associated virus (AAV) is a strong candidate for
modification through synthetic virology — this vector is relatively well-characterized and has a wide range
of potential applications in safe and efficient gene therapy. We sought to develop modular, standardized
platforms for the integration of exogenous proteins into the AAV capsid so that biological ‘parts’ identified
in other systems can be translated to enhance AAV-based therapies. By applying protein engineering tech-
niques to study and modify AAV’s innate biocomputation, we have developed a series of components that
can alter the viral response to external stimulus and expand this platform’s capacity for protein and peptide
outputs in addition to gene therapy. To address the challenge of genetically modifying the multifunctional
virus capsid while preserving viral assembly and transduction, we have identified computational models that
may be able to predict vector formation and function from the modified capsid sequence. These models
can potentially accelerate the design process for engineered viral nanoparticles through in silico screening to
remove non-functional variants. This toolkit will facilitate the incorporation of a wide range of proteins in
AAV, expanding the vector’s capacity for detecting stimuli and responding with a range of diagnostic and
therapeutic outputs.
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Chapter 1

Introduction

1.1 Adeno-associated virus: A genetically-encoded nanoplatform

Adeno-associated virus (AAV) is a small non-pathogenic parvovirus that infects a wide range of mammalian
cells. AAV is widely considered a promising candidate for gene therapy — AAV-based therapies recently
gained regulatory approval in the U.S. and in Europe [1–3]. AAV’s prominence as a therapeutic is partially
due to its benign safety profile - the vector has mild immunogenicity as virus replication requires coinfection
with a helper virus (adenovirus or herpes simplex virus) and infection is non-pathogenic [4]. AAV’s small
size, structural simplicity and value as a therapeutic vehicle make it an ideal candidate for studying innate
viral sensing-response behaviors and engineering these behaviors to change the inputs and outputs of viral
infection.

1.1.1 AAV structure

AAV is composed of a non-enveloped capsid packaging a single-stranded DNA genome flanked by two inverted
terminal repeats (ITRs). The viral genome contains two genes: rep, which encodes four overlapping non-
structural proteins required for virus replication and cap, which encodes the three structural capsid proteins
and the Assembly-Activating Protein (AAP) in an alternate reading frame (Figure 1.1). The AAV genes are
governed by the promoters p5, p19, and p40. In gene delivery vectors, this genome is replaced by the desired
cargo flanked by ITRs, and rep and cap are delivered in trans for assembly [5].

The AAV genome expresses the rep gene to produce Rep78, Rep68, Rep52, and Rep40, and the cap gene
to produce VP1, VP2, VP3, and AAP. The Rep proteins have roles in gene transcription, capsid assembly,
DNA packaging, and genomic integration. The Cap proteins VP1, VP2 and VP3 (molecular weights of 87,
73, and 61 kDa respectively) assemble in a 1:1:10 ratio to form a 60-mer capsid with icosahedral (T=1)
symmetry. VP1 and VP2 share the VP3 domain at their C-termini which forms the exterior structure of
the capsid. This domain makes up the �-barrel motif with �-sheets connected by hypervariable interstrand
loops that is typical of parvoviruses. The N-termini of VP1 and VP2 pack inside the capsid and extrude
during transduction in response to external stimuli. The unique N-terminus of VP1 (VP1u) contains nuclear
localization sequences (NLSs) and a phospolipase A2 (PLA2) domain that facilitates endosomal escape. The
role of the unique region of VP2 (VP2u) is unknown [5].
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Figure 1.1: Organization of VP1, VP2, VP3, and AAP on the AAV2 cap gene. Reprinted with permission
from [6].
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Figure 1.2: Statistics showing the clinical phases [top] and disease targets [bottom] of clinical trials per-
formed with AAV gene therapy in 2015. Adapted with permission from [7].
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1.1.2 AAV in gene therapy

Gene therapy focuses on the manipulation of gene expression to achieve therapeutic outcomes. This is done
by delivering genes, or the means for modifying genes and their expression patterns, to disease sites. Gene
therapy approaches were introduced as cures for genetic disorders, and their applications have since expanded
to encompass a variety of acquired diseases including cancer, heart disease, and diabetes [8]. AAV-packaged
therapies have treated these and a variety of other diseases in clinical trials (Figure 1.2).

AAV is commonly used as a gene therapy vector because of its many favorable characteristics. Like other
viral vectors, AAV has been evolutionarily optimized to transduce cells efficiently. AAV is approximately 25
nm in diameter, allowing the virus to directly enter cell nuclei and deliver its genome [9]. The AAV genome
persists in cell nuclei as episomal DNA, producing sustained gene expression through multiple cycles of cell
division [10]. Twelve different serotypes of human AAV have been identified thus far, each with unique tissue
tropisms [11,12].

While AAV has been used in a broad spectrum of gene-delivery therapeutics, the virus has some flaws
as a vector. The capsid is susceptible to immune recognition. A large percentage of the human population
has been previously exposed to the virus, resulting in detectable neutralizing antibodies in their blood [13].
In addition, the different AAV serotypes each act on several types of tissue, so specificity of targeting is
limited [12]. When AAV transduces cells, the virus is further challenged by endosomal and proteosomal
degradation machinery [14]. Finally, the virus can only package 4.7 kb of DNA, so therapeutic cargo is
heavily restricted in size [5].

Many investigators have taken up the challenge of improving AAV as a therapeutic gene delivery vector.
Typically, engineering of viral vectors is conducted at the genetic level, although chemical modification is
also used to functionalize capsid surfaces [15]. Researchers have focused on engineering the AAV capsid
to reduce immunogenicity, improve intracellular trafficking to the nucleus, and optimize AAV specificity.
Rational design approaches have incorporated peptide ligand sequences to alter receptor targeting, removed
tyrosine residues to mitigate proteosomal degradation, and mutated antibody-binding epitopes to reduce
serum neutralization [14]. Directed evolution approaches have also been used to identify improved AAV
vectors from randomly mutated libraries of AAV capsids [16–19]. These libraries are processed through
selections to screen for antibody evasion and improved tissue tropism [14]. These studies have produced
some promising candidates for gene therapy, but much is still unknown about the impact of mutating
different AAV capsid domains on the virus’s ability to transduce cells and deliver genes. Understanding
AAV’s innate capacity to respond to its environment during infection may provide insight into strategies for
engineering biocomputation into AAV.

1.2 AAV life-cycle dynamics

The AAV capsid undergoes a series of structural changes as it assembles, binds to cell receptors, travels
through the cytoplasm, and enters the nucleus. These changes allow the virus to respond to its environment,
evading biological barriers to nucleic acid delivery in the extracellular space and cytoplasm and releasing the
genome at its destination. Such transitions are possible through the multifunctional nature of the capsid
proteins. This section describes each stage of the virus life cycle with a focus on the cascade of sensing-
response behaviors required to trigger successful viral formation and infection. Data referenced is for AAV2
unless otherwise stated.
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1.2.1 Viral assembly

AAV capsid assembly and genome packing occur in the cell nucleus, and require the Rep and Cap proteins,
AAP, Ad proteins, and cellular co-factors. First, the rep and cap genes are transcribed in the nucleus with
the help of adenoviral transcription factors, then spliced and translated in the cytosol. After the Rep and
Cap proteins are synthesized they traffic to the nucleus (although a significant fraction of VP3 remains in the
cytosol) [20]. Capsid proteins likely traffic to the nucleus in trimer assemblies, as these assemblies are found
in the cytoplasm [21] and trimers are the most stable intermediate assembly in a variety of parvoviruses [22].

Capsid protein assembly

Cap proteins are capable of aggregating in solution and in the cytoplasm, but require nuclear localization
to assemble into capsids, suggesting a dependence on nuclear cofactors [21,23]. In the nucleus, Cap proteins
bind to the nuclear signalling proteins Nucleolin and B23/Nucleophosmin and enter nucleoli [24, 25]. The
first indicator of AAV2 capsid assemblies, as detected by antibody A20, appear in the nucleolus [20]. One of
four identified basic regions on the capsid proteins (BR4) is essential for this early stage of assembly. While
the basic regions are believed to play a role in nuclear trafficking, AAV capsids with a mutated BR4 region
contain a similar amount of the VP proteins in the nucleus as compared to wild-type, indicating that this
region may instead play a role in intersubunit or essential cofactor interactions [26].

Assembly-activating protein

The assembly-activating protein (AAP) is a 23 kDa protein translated from an alternate reading frame and
a nonconventional start codon on the cap gene. AAP is found in the nucleolus along with the Cap proteins
during virus assembly. AAP contains several redundant nuclear localization signals (NLSs) and nucleolar
localization signals (NoLSs) that allow the protein to translocate to the nucleus. When these signals are
ablated, viral capsid formation is heavily impaired [27]. For AAV2, when AAP expression is ablated, VP3
does not traffic to the nucleolus. Even when nucleolar localization of VP3 is recovered using a nucleolar
localization signal tag, capsid formation does not occur, indicating that AAP plays a role both in nucleolar
localization of VP3 and in donwstream assembly [6]. AAP has also been demonstrated to promote VP
stability and to increase VP-VP interactions in co-immunoprecipitation assays [28].

Some specific interaction domains required for AAP function have been identified. AAP contains two
hydrophobic domains at its N-terminus that are necessary for assembly. Mutations at these regions reduce
AAP interactions with the capsid proteins. In addition, mutations at the C-terminus of VP3 reduce AAP
interactions with the capsid proteins and ablate assembly, suggesting that the C-terminus of VP3 interacts
with AAP. This conclusion is reinforced by evidence of competition between the antibody B1 (which binds
the C-terminus of the capsid proteins) and AAP. Antibody studies show that AAP binding promotes capsid
protein conformations indicative of assembly, suggesting that AAP may serve as a scaffold [29].

Many AAV serotypes require AAP for virus production (AAV1, 2, 8, and 9 have been tested) [30]. AAP
is not required for AAV4, 5, and 11 assembly, but promotes capsid assembly resulting in 10-fold higher
titers [31]. AAPs are somewhat interchangable between virus serotypes — the AAV2 AAP stimulates virus
production for AAV1, AAV8 and AAV9 but not for AAV5 (Figure 1.3). Based on studies of AAP-dependence
in the AAV phylogeny, it appears that AAP-dependent serotypes may have fewer evolutionary constraints
on the residues at VP-VP interfaces, as AAP facilitates VP-VP binding [28].
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Figure 1.3: HEK293t cells were transfected with plasmids expressing VP3 of various serotypes and either an
empty plasmid (pBS), a plasmid expressing AAP2, or a plasmid expressing the full cap gene of the indicated
serotype (pDP). Capsid titers were quantified by ELISA. AAV9 appears to form without AAP, but further
analysis showed that the VP3 sequence of AAV9 contains a start codon that expresses a truncated AAP,
and when this is ablated AAV9 does not form. Reprinted with permission from [30].

Genome preparation

The AAV genome is replicated through a single-stranded displacement mechanism. First, reverse strand
synthesis occurs, creating a covalently attached daughter strand. Rep proteins then cleave the parental strand
before the ITR to resolve the end of the daughter strand and reinitiate transcription (Figure 1.4). Rep78
and Rep68 exhibit sequence specific endonuclease and helicase activity to nick the parental strand [32, 33].
These large Rep proteins also interface with cellular, adenoviral, and HSV ssDNA binding proteins, which
play a role in genome replication [34].

Genome packaging

Genome packaging is an essential step in viral maturation, and is often incomplete with 50%+ of capsids
remaining empty [36]. After Cap proteins assemble, they colocalize with all four Rep proteins, the AAV
genome, and cellular cofactors in the nucleoplasm [20,37]. Genome packing occurs in these replication centers,
which colocalize with adenovirus replication centers and co-opt their machinery in coinfected cells [38]. The
DNA genome associates with immature formed capsids rapidly, but full encapsulation and protection of the
genome occurs over several hours [39]. The Rep52 and Rep40 proteins are essential in genome packaging,
and act as helicases on the DNA genome. DNA has been shown to pack into capsids from the 3’ end and the
Rep52 and 40 helicases act in the 3’!5’ direction, suggesting that the Rep52 and 40 helicases play a role in
inserting the DNA genome into the capsid [40]. These small proteins interact with the large Rep proteins,
which stay bound to DNA as it is packaged. Rep proteins interact with each other and with the VP proteins
even in the absence of viral genomes, so it is likely that the Rep proteins form a complex on the outside of
the viral capsid that facilitates genome packaging [41,42].

Mutational studies have been used to better understand the genome entry point into the capsid. Muta-
tions at the 5-fold axis pore have ablated genome packing and Rep protein binding, so insertion may occur
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Figure 1.4: For the AAV genome to replicate, the 3’ ITR acts as a primer for elogation. Then, the
large Rep proteins facilitate nicking of the parent strand (boxed). Next the parent strand acts as a primer to
replicate the 3’ ITR, elongating the daughter strand. Finally the strands separate. Reprinted with permission
from [35].

at this location [43, 44]. The sequence of the HI surface loop (which overlaps with the neighboring VP at
the 5-fold interface) is also a factor in genome packaging [45]. Mutations in a variety of other capsid regions
appear to limit genome packing, particularly those at the base of the three-fold protrusions [46,47]. One such
mutation, R432A, has an impact despite being structurally buried, likely due to its impact on overall capsid
stability and other neighboring residues [48]. Genome length also has a strong impact on AAV packaging,
with larger genomes over the 4.7kb packaging limit resulting in more empty capsids [49].

1.2.2 AAV extracellular immune interactions

The immune system challenges AAV on several fronts as the mature capsid travels through the body. The
capsid primarily interacts with the immune system through antibody binding. Immunoglobulin G antibodies
confer pre-existing immunity to wild-type AAV in a majority of the human population. However, this
immunity varies greatly between virus serotypes, which are distinguished by their lack of antibody cross-
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reactivity (Figure 1.5). AAV2’s antibody interaction profile is the best known. Antibodies have been
identified that interact with the VP1, VP2, and VP3 protein domains and that interact with domains created
by subunit assemblies. Epitopes of these antibodies have been mapped onto the capsid surface, allowing for
the generation of capsid mutants that evade antibody detection [50, 51]. Antibody neutralization occurs at
the cell binding and intracellular trafficking points of transduction [52].

Figure 1.5: Percentage of sera samples with IgG seroprevalance (left) and percentage of sera samples with
neutralizing antibodies (right) for the indicated AAV serotypes. Sample numbers below. Adapted with
permission from [13].

1.2.3 Cell receptor binding

One reason for AAV’s popularity as a gene delivery vector is the ability of the different serotypes to target a
wide range of cellular receptors for cell entry (Table 1.1). Cell receptors are the initial contact for AAV entry
into cells through clathrin-mediated endocytosis. Heparan sulfate proteoglycan (HSPG), sialic acid, and
galactose have been identified as significant receptors for different serotypes [53–55]. In addition, a recently
discovered receptor, AAVR, was shown to be essential for AAV infection in all the tested serotypes [56]. The
HSPG interaction with AAV2 has been heavily characterized, and the binding domain on the capsid has been
identified at the peaks surrounding the three-fold axis of symmetry [57]. As AAV2 binds HSPG, it undergoes
a conformational shift, with the 2-fold axes and 5-fold pores changing shape to prepare for downstream steps
in transduction and genome delivery [57]. Sialic acid (AAV1 and 6) and galactose (AAV9) binding sites
have also been identified in a pocket at the base of the peaks surrouding the three-fold axis [58, 59]. These
receptors in conjunction with co-receptors mediate capsid endocytosis. In AAV2, cellular entry requires the
activation of the Rac1 protein that acts with the phosphatidylinositol-3 (PI3) kinase pathway to activate
viral transport along the cytoskeleton [60].
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Table 1.1: Primary Cell Receptors for AAV Serotypes. Adapted from [5].

Serotype Receptors/co-receptors

AAV1 AAVR, ↵2� 3/↵2� 6 N linked SA

AAV2 AAVR, HSPG, FGFR1, HGFR, integrins, 37/67 kDa LamR

AAV3 AAVR, HSPG, 37/67 kDa LamR

AAV4 ↵2� 3 O linked SA

AAV5 AAVR, ↵2� 3 N linked SA, PDGFR

AAV6 AAVR, HSPG, ↵2� 3/↵2� 6 N linked SA

AAV7 Not determined

AAV8 AAVR, 37/67 kDa LamR

AAV9 AAVR, Galactose, 37/67 kDa LamR

1.2.4 Intracellular trafficking

Once AAV enters a cell, the capsid must travel to the nucleus while protecting its genome. Nuclear entry
in particular is a rate-limiting step for the AAV vector, leading to slow expression and vastly impaired
transduction in many cell types [61,62]. In addition, impaired trafficking can lead to proteosomal degradation
of the capsid and cellular antigen presentation, targeting transduced cells for destruction [63].

Endosomal trafficking

The first stage of AAV transport occurs in the endosome. AAV2 has been found in both the early and
late-stage endosome, and the timing of endosomal escape varies by cell type and multiplicity of infection
(MOI) [64]. While AAV2 can escape early endosomes, AAV8 appears to stay in the endosome longer and
interact with proteosomal degradation machinery in its infection pathway [65]. The microtubule network
transports endosomal capsids towards the nucleus [66]. The capsid requires acidification of the endosome and
digestion by endosomal cathepsins for successful transduction [67,68]. This endosomal environment induces
surface extrusion of the N-terminal domains of VP1 and VP2, a conformational change that has been induced
in the lab by heat [9,69]. Exposure of the N-terminal domain of VP1 is necessary for transduction, likely due
to its PLA2 domain for endosomal escape and NLS regions for nuclear transport [70]. This region of VP1
also contains endosomal sorting and signal transduction domains that are likely required [71]. The exact
path of N-terminal extrusion is unknown, but mutational analysis and structure modeling have illuminated
parts of the mechanism. Mutation of residues at the 5-fold pore leads to reduced N-terminal extrusion,
suggesting that this portion of the virus structure plays a role in N-terminal dynamics, although some of
these mutations also have broad impacts on capsid structure [43, 70]. Mutation of the HI surface loop also
impacts N-terminal extrusion [45, 57]. Prevention of conformational change at the 2-fold capsid interface
also limits n-terminal extrusion, so this domain may also play an essential role in N-terminal dynamics [72].
Structural modeling of the AAV1 capsid led to a hypothesized model of N-terminal extrusion in the late
endosome. First the PLA2 domain unfolds so that the N-terminus of VP1 can extrude from the five-fold
pore. Then the PLA2 domain partially refolds to digest the endosome membrane and release the capsid
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(Figure 1.6).

Figure 1.6: Structural modeling results indicate that when the AAV1 capsid enters the late endosome, the
N-terminus of VP1 relaxes its secondary structure and extrudes from the capsid. Then the PLA domain
partially refolds to regain enzymatic activity. Adapted with permission from [73].

Cytoplasmic trafficking

After AAV leaves the endosome, the microtubule network of the cell facilitates unidirectional AAV transport
towards the nucleus, although some capsids appear to move independently through brownian motion [66,74].
Interactions between AAV capsids and dynein, other microtubule machinery, and protein chaperones have
been observed, but the necessity of these interactions for succesful transduction is unclear [75–77]. In fact,
the microtubule transport pathway may trap AAV in the perinuclear space, limiting successful nuclear
entry [78]. The VP1 N-terminal region seems to play a role in cytoplasmic trafficking, as indicated by
mutation studies [71]. In the cytoplasm, the viral caspid is subject to proteosomal digestion [79,80]. Inhibition
of proteosome activity increases AAV transgene expression [81]. Proteosomal activity on the capsid was found
to be mediated by ubiqutination signaling through the activity of EGFR protein tyrosine kinase on capsid
tyrosines [82,83]. This activity is reduced by mutation of tyrosine residues on the capsid surface, enhancing
transduction [72].

Nuclear entry

The few AAV serotypes characterized for nuclear entry vary in entry rates and efficiency, suggesting different
mechanisms of traversing the nuclear membrane. AAV2 is dependent on a functional nuclear pore complex
and interacts with importin for cellular entry [84, 85]. In this serotype, one of four identified basic regions
on the viral capsid sequence, BR3 (located on the N-terminus of VP2) is essential for nuclear entry. When
BR3 is knocked down function can be recovered by introduction of a NLS [26]. AAV2 can transduce nuclei
of a variety of cell types, even outside the cellular environment [86]. Nuclear entry is enhanced by the
presence of adenovirus capsids [87]. AAV8 appears to enter the nucleus at a different rate than AAV2,
potentially due to a different entry mechanism [88]. Some parvoviruses enter nuclei by physically damaging
the nuclear envelope, so it is possible that some serotypes of AAV also create a non-nuclear pore complex
based entryway [89].

1.2.5 Genome delivery

The final step in the AAV life cycle is unpackaging the viral genome and preparing the gene for expression.
This process is particularly slow for AAV, resulting in a lag time of 24-48 hours for initial gene expression and
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persistence of intact capsids in the nuclei for weeks [61,90–92]. AAV relies on cellular proteins for assistance
with uncoating and DNA processing to allow transcription.

Capsid disassembly

AAV capsids appear to fully disassemble in the nucleus to release the genome, as indicated by nuclear
antibody studies [9]. However, this process is highly inefficient, and intact capsids persist in the nucleoli
for up to several years [93–95]. In vitro studies simulating denaturation with heat and in vivo studies
indicate that capsid denaturation occurs at the same time as genome release [96]. Denaturation occurs in
the nucleoplasm, as nucleolar entry blocks this change [95]. This transformation is potentially restricted
by phosphorylation by CDK2/CyclinA kinase, which binds to the VP1 N-terminus at BR3. This kinase
shows reduced activity in the presence of AAV, suggesting evolved inhibition to enhance transduction [96].
The degree of capsid disassembly in the nucleus likely varies across serotypes, as different serotypes exhibit
diverse stability characteristics [97]. In addition, capsid disassembly in vitro is impacted by the length and
binding state of the packaged DNA [98].

Genome processing

Once the AAV capsid releases its genome, the genome must undergo second-strand synthesis before transcrip-
tion can occur. Second strand synthesis is the primary method of gene transcription, but it is possible that
strand annealing between opposite-sense strands plays a role in recombinant AAV gene delivery [99,100]. In
wild-type AAV infections, this process is facilitated by adenovirus protein expression [101, 102]. Adenoviral
proteins dephosphorylate a cellular protein, FKBP52, which binds to the 3’ ITR on the genome and blocks
second-strand synthesis [103,104]. In recombinant AAV infections, repressing the phosporylation of FKBP52
increases transduction [104]. Adenoviral proteins also repress the cellular Mre11-Rad50-Nbs1 (MRN) repair
complex, which targets the ITRs as AAV genome foci colocalize with repair proteins [105–107]. Some ev-
idence suggests that the AAV capsid itself also plays a role in second strand synthesis after disassembly.
Mutants of certain capsid residues result in a defect in transduction that is rescued by delivery of a double
stranded genome, although genome uncoating is equivalent to wild type [108]. The virus capsid may also
play a role in downstream transcription of the genome, as mutants near the two-fold interface affect tran-
scription levels independent of second strand synthesis [109]. After second strand synthesis, viral genomes
co-opt cellular machinery to self-circularize, as dsDNA free ends are unstable in the nucleus [110,111].

1.3 Biocomputing nanoparticles∗

Nanoscale platforms designed as drug and gene delivery vectors or diagnostic agents have the potential to
dramatically improve the quality of life of patients suffering from a wide range of debilitating diseases, such
as cancer, cystic fibrosis, and Alzheimer’s Disease [112]. Delivering drugs, genes, or imaging agents both
effectively and specifically to desired target tissues and cells could critically improve biological and clinical
understanding of a pathological condition and provide a means for halting or even reversing the disease.
Nanoplatforms have also demonstrated utility as detection agents, precisely identifying pathogens and other
disease markers, environmental toxins, and hazardous materials. As methods have improved to synthesize
a vast array of nanoplatforms with more controllable physicochemical properties, investigators have been

∗
This section has been adapted from Evans, A. C. and Thadani, N. N., et al. (2016). Biocomputing Nanoparticles

for Therapeutics and Diagnostics. Journal of Controlled Release.
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pushing the boundaries of what sophisticated functions can be performed by the nanomaterials. In partic-
ular, a new breed of nanotechnologies able to perform “biocomputation” is being actively developed. For
the purposes of this review, biocomputation is defined as the act of sensing and, importantly, computing
biomolecular inputs either through algorithmic trees or continuous functions, and in response generating
functional outputs. The concept of biocomputation, with roots in electrical engineering, has been applied
with much success in the field of synthetic biology. Conceptualizing and designing genetic circuits as plat-
forms that compute biomolecular inputs through various methods, such as Boolean logic, have been explored
extensively [113–115]. Applying the abstractions of computation to the design of nanoscale platforms, ei-
ther biologically derived or synthetic, is a relatively new approach to thinking about how these functional
nanomaterials can be engineered to improve and expand their capabilities.

Promisingly, a plethora of inputs and outputs are compatible with nanomaterial-based biocomputation
(Figure 1.7). The biomolecular inputs can be small molecules, enzymes, or nucleic acids. In addition to these
intrinsic inputs, a variety of inputs exogenously applied to a biological system, such as light or magnetic
fields, can be accepted as stimuli. The inputs can be computed via a number of different logic operators,
such as AND, OR, and NOT gates. In response to detecting and computing inputs, the nanoplatforms carry
out specific functions, such as delivering transgenes into cells or producing a fluorescence signal. Thus, by
enabling nanomaterials to conduct defined computations, platforms can be designed to carry out desired
complex tasks, such as delivering desired doses of drugs only to sites of disease characterized by combina-
tions of target biomarkers. Then by characterizing the engineered platforms quantitatively and modeling
their behavior mathematically, the engineered biocomputing nanomaterials can become not only control-
lable but also functionally predictable. This potential to predict the output of a nanoplatform given a set of
biomolecular inputs is what makes the biocomputational approach impactful to the future of drug delivery
and bioimaging. Much of the work on stimulus-responsive nanomaterials can be easily re-conceptualized
through the lens of biocomputation; it would require categorizing the type of computation being conducted
by the nanomaterial and quantitatively characterizing the input-output curve under various conditions.

This review will cover some of the recent advances in designing and testing nanoplatforms that con-
duct biocomputation. The definition of a biocomputing nanoplatform can encompass any nanomaterial or
nanoparticle that detects and processes an input signal and outputs a defined response. This review will
focus on the more complex biocomputing nanoplatforms developed to date that explicitly incorporate logic
gates and often require more than one input for activation. Many different types of nanomaterials are being
programmed as biocomputing platforms for a range of applications (Table 1.2). To date, the main challenges
being addressed by biocomputing nanoplatforms are targeted and controlled delivery of drugs or genes, de-
tection of analytes using in vitro diagnostics, and in vivo molecular imaging. The biocomputing approach
promises to enable more precise, more selective, and potentially more quantitatively predictable activation
of the desired functional output (e.g. delivery of a therapeutic payload or release of a fluorescence signal).
The variety of intrinsic and extrinsic input stimuli, output responses, and computational methods used by
the different platforms will be discussed.
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Figure 1.7: Biocomputing nanoplatforms accept inputs that are either intrinsic or extrinsic to biological
systems, compute the inputs using defined functions, and produce outputs that manipulate the biological
environment (therapeutics) or act as an externally detectable readout (diagnostics).

Table 1.2: Applications of biocomputing nanoplatforms

Nanomaterial Platform Applications

Polymeric Inflammatory disease targeting, cancer treatment, targeted imaging

Gold-coated pH and heavy metal sensing, nucleic acid sensing, “lab-on-a-nanoparticle”

Nucleic acid-based Fluorescent and colorimetric biosensing, antibody delivery

Enzyme-based Detection of biochemical substrates

Magnetic Magnetic resonance imaging, cell sorting

Viral Cancer treatment, toxin sensing, cell targeting
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1.3.1 Operators used by biocomputing nanoplatforms

In the most ideal manifestation, nanomaterial-based computation translates inputs into outputs in a quanti-
tatively predictable manner. Researchers have primarily focused on developing systems with binary outputs,
similar to the logic gates found in silicon-based computing. These logic gates have been particularly advan-
tageous when applied to biological systems for building complex protein-based signal transduction networks
with sophisticated computing-like behavior [116]. These binary systems must be able to detect inputs above
a certain threshold level and reject those below the threshold. Many biocomputational nanomaterials have
been programmed as AND gates that require detection of two different stimuli to activate. These AND gate
nanomaterials can either integrate simultaneous stimuli, or they can utilize consecutive stimuli to activate
in phases as they transport to their biological targets. Other biocomputational nanomaterials function as
OR gates, NOT gates, or combinations of multiple gates. Some biocomputational nanomaterials behave as
tunable devices, where the level of output is determined by the level of input detected. In other words,
tunable nanodevices use a continuous mathematical function to connect the level of input signals to the
precise level of output, allowing for calibrated responses. The various biocomputing nanoplatforms have dif-
ferent strategies for translating multiple stimuli into a single output, including system assembly, disassembly,
and transformation (Figure 1.8). The remainder of the review will cover examples of these three different
strategies.

Figure 1.8: Methods of nanoplatform information processing fall into three broad categories: system
assembly, system disassembly, and system transformation.

1.3.2 System assembly as means of integrating inputs

Many biocomputational nanomaterials integrate single or multiple inputs through the assembly of individ-
ual components, a process termed “system assembly”. System assembly of nanoparticles has been applied in
several pioneering studies to monitor biomolecular interactions, as the aggregation of small metallic nanopar-
ticles can influence their optical and magnetic properties [117–121]. Nanoparticles tethered to DNA, proteins,
and enzymes can thus be used to optically observe proximity. In this review, we will focus on examples of
system assembly where the output is produced based on a logical computation from a set of biomolecular
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inputs.
Oftentimes, system assembly can be mediated by DNA hybridization. For example, one logic gate-based

strategy with DNA nanostructures exploits the hybridization of two different input segments of single-
stranded DNA, thus operating as an AND gate, to create a longer near-complementary double-stranded
DNA fragment. The combined strand then uses toehold-displacement to assemble onto a gold nanoparti-
cle functionalized with DNA fragments. This unique assembly process displaces a fluorophore-conjugated
DNA strand, ultimately resulting in the generation of fluorescence as the output [122]. The platform may
be used to detect multiple DNA inputs for achieving DNA-based computation. In another report, similar
gold nanoparticles functionalized with single-stranded DNA have been developed to function as target DNA
sensors [123]. The detection of target single-stranded DNA facilitates assembly of the nanoparticles into
multi-nanoparticle aggregates, a reaction that can be visualized through a solution color change. The plat-
form can be designed to require detection of two different target DNA strands (AND gate), or the detection
of one of two DNA segments (OR gate) to signal the presence of pathogen DNA in a sample.

Similarly, DNA aptamers have been attached to the surface of nanoparticles so that aptamer confor-
mational shifts triggered by binding of small molecules can be used to induce the hybridization of near-
complementary DNA strands and trigger nanostructure aggregation. For example, one AND gate nanoplat-
form designed for small molecule sensing used aptamer-modified gold nanoparticles to detect both adenosine
and cocaine, inducing nanoparticle aggregation that resulted in a solution color change as the output [124].
Overall, DNA-based aggregation systems utilize the temperature stability and well-characterized hybridiza-
tion behavior of nucleic acids to create precise logic gate-based nanodevices.

System assembly-based biocomputing nanoplatforms have also been generated without the help of DNA
mediators. One nanoplatform relies on spiropyrans to function as an AND-gate, detecting UV light and
metal ions as dual inputs [125]. In the presence of the light stimulus, spiropyrans conjugated to the surface
of gold nanoparticles can bind metal ions in a multivalent fashion, thus inducing aggregation of the gold
nanoparticles and creating a solution color change output. This system can be used to quickly detect a variety
of metal ions in solution with a visually detectable change. Another approach utilizes pH and temperature-
responsive polymers on the surface of magnetic nanoparticles to relate these stimuli to a continuous range of
aggregation outputs [126]. This platform allows cells which contain aggregated nanoparticles to be separated
from cells that do not contain aggregated nanoparticles, since only aggregated nanoparticles can be separated
with a magnetic field. Other approaches use protease cleavage domains to detect matrix metalloproteinases
(MMPs), a class of enzymes elevated in various diseases [127, 128]. One platform uses MMP-cleavable
peptides on the surface of iron oxide nanoparticles (Figure 1.9) [129]. These peptides act as AND or OR
gates, cleaving in the presence of target MMPs and inducing nanoparticle aggregation to change the magnetic
properties of the particles. Such MMP-sensing nanoparticles can be used as in vivo diagnostic agents using
magnetic resonance imaging.

In summary, several biocomputing nanoplatforms use assembly-based strategies, such as DNA hybridiza-
tion or multi-nanoparticle aggregation mediated by polymers, peptides or DNA. These assembly processes
can be triggered by a wide range of stimuli, such as small molecules, enzymes, UV light, temperature and
pH. As nanoparticle aggregates often have different fluorescence or absorbance properties as compared to
their individual components, the system assembly approach is primarily used to generate diagnostics and
other detection tools.



1.3. BIOCOMPUTING NANOPARTICLES 24

Figure 1.9: Nanoparticles functionalized with MMP-cleavable peptides can be used to detect MMP activity
under defined logic gates. When the peptides are digested by the required combination of MMPs (yellow
and green pacmans), binding sites are exposed, allowing the particles to aggregate and trigger an optical
change. Reprinted with permission from [129] - Copyright 2007 American Chemical Society.

1.3.3 System disassembly as means of integrating inputs

Biocomputational nanomaterials can also react to input stimuli by either multi-unit nanoparticle disassembly
or multi-nanoparticle disaggregation. These platforms often depend on the chemical changes of polymers to
induce “system disassembly” [130]. Such disassembly-based platforms have been used primarily for selective
targeting of cancer cells for gene therapy and drug delivery. Low pH is one of the most common single inputs
for biocomputing nanoplatforms. One report developed a polymer matrix [composed of polyethylene glycol
(PEG) and polyethylenimine (PEI)] encapsulating the adeno-associated virus such that upon detection of
low pH, the viral vectors are released through triggered chemical expansion [131]. This pH-responsive virus
delivery platform may be useful for delivering genes to sites of tumor acidosis. Another interesting platform
uses assembly of temperature-responsive block copolymer micelles for drug release [132]. The copolymers
have differing low critical solution temperatures (LCST) on each end; thus, depending on the temperature
used during particle synthesis, two different types of micelles with differing amounts of loaded cargo can be
generated. Each micelle type disassembles under the corresponding temperature stimulus, releasing its drug
cargo.

In addition to single input systems, several nanoplatforms have been designed to detect multiple stimuli.
One popular approach relies on polymeric micelles that disassemble under the dual stimulus of reducing
environment and low pH [133–135]. The micelles encapsulate the drug of interest using polymers that contain
both acid-sensitive segments and disulfide bonds. Upon entering an acidic and reducing environment (AND
gate inputs), the drug payload is released due to polymer degradation and micelle disassembly (Figure 1.10).
Presence of just one of the inputs is not sufficient to rapidly and completely release the cargo.

Other types of AND gate nanoplatforms require different input combinations for system disassembly.
Low pH and high temperature is another common pair of AND gate input stimuli for nanoparticles aimed
at targeting drugs to areas of inflammation or cancer. Both polymer micelles and dendrimers have been
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Figure 1.10: A self-assembling nanoparticle undergoes AND-gate mediated disassembly and drug release
during intracellular trafficking. First, acidic pH in the endosome induces nanoparticle disassembly, then the
reducing environment of the cytoplasm breaks the disulfide bond linking the cancer drug doxorubicin (DOX)
to polyethylene glycol (PEG). Reprinted with permission from [135].

developed to function as AND gates requiring both low pH and high temperature, two features observed in
the local environment of the target tissues [136,137]. Another similar AND gate system requires a reducing
environment as well as UV irradiation for drug delivery [138]. The photosensitive component, a functional
nitrobenzyl derivative capable of conformational changes under specific wavelengths of light, is conjugated
onto PEG chains that are cross-linked with disulfide bonds. Detection of both UV light by the nitrobenzyl
derivative and reduction of the disulfide bonds in the PEG network are required for complete disassembly
and release of the encapsulated drug. A more complex example of a multi-stimuli nanoparticle requires pH,
temperature, or light to trigger release (i.e. three-input OR gate) [139]. The PEG-based polymeric structure
in this platform was designed such that any of these three stimuli is sufficient to trigger disassembly. These
reports highlight the potential for functionalized nanoparticles to process many varied stimuli in order to
increase targeting specificity. Disassembly-based nanoparticles for drug delivery offer both payload protection
throughout transport as well as targeted release.

In addition to therapeutic applications, system disassembly as a method for biocomputing stimuli can
be exploited for imaging or diagnostic nanoparticle development. Imaging and diagnostic tools rely on both
accurate recognition of the desired target and a detectable visual response. This can be done through changes
in fluorescence or absorbance of the nanomaterial-containing solution. For example, the coordination of
nucleotide-lanthanide compounds and porphyrin, resulting in a strong fluorescence signal, can be destabilized
in the presence of either EDTA or extreme pH values (both low and high) [140, 141]. Particle disassembly
takes place through ionic porphyrin displacement, altering the fluorescence properties of the complex and
releasing its components. The intensity of this fluorescence signal can be regulated by the concentration
and type of chemical inputs. This type of nanoplatform may be further engineered to become useful as a
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simultaneous detection and triggered delivery device.
More complex biocomputing nanoplatforms have been developed for the detection of small molecules.

One group is interested in developing in vitro diagnostics to detect the level of metabolic substrates by gener-
ating pH-sensitive polymer-functionalized gold nanoparticles that interface with two cellular enzymes [142].
The enzymes, invertase and glucose oxidase, convert sucrose into acidic byproducts, thereby decreasing the
solution pH. The low pH then causes the pH-responsive nanoparticles to undergo multi-nanoparticle dis-
aggregation, resulting in observable absorbance changes. Therefore, this two-tiered information processing
platform pairs an AND gate enzyme system with single input (low pH) nanoparticles to yield a visible
absorbance change in the solution. Similarly, enzymes covalently attached to the exterior of silicon mi-
croparticles have been used to create a local pH change and induce pH-responsive nanoparticle dissolution
upon the detection of metabolic substrates in solution [143]. This approach was used to create AND gates
responsive to sucrose and oxygen, and OR gates responsive to glucose and ethyl butyrate. Such biocomput-
ing nanoparticles may be used, for example, to image metabolic activity in tissues by quantifying glucose
and sucrose availability. Another report developed what could be described as an AND-NOT gated gold
nanoparticle platform to detect the simultaneous presence of melamine and the absence of mercury ions [144].
Due to an innate property of gold nanoparticles, the presence of melamine induces the nanoparticles to form
multi-nanoparticle aggregates resulting in a blue-colored solution. In the presence of mercury ions, however,
the melamine binding sites are blocked by the mercury ions, resulting in a red-colored solution.

In summary, a number of biocomputing nanoplatforms utilize system disassembly, either the disaggre-
gation of multi-nanoparticle structures or the disassembly of nanomaterial components, as the means for
integrating stimuli and producing a functional output. The most popular output is the release of thera-
peutics at target locations, followed by the generation of a detectable fluorescence or absorbance signal for
biomedical imaging or diagnostics applications.

1.3.4 System transformation as means of integrating inputs

Some biocomputing nanoplatforms undergo a more nuanced change upon stimuli detection and are referred
to in this review as undergoing a “system transformation” in response to inputs. A promising approach uses
DNA segments that can undergo conformational changes. One system is based on DNA-based “nanorobots”
with DNA “locks” that hold the box-shaped nanoplatform closed [145]. Each nanoconstruct can have two
different DNA locks, which are aptamers binding to specific target cell-associated antigens, allowing for an
AND gate operation. When activated, the nanoconstruct can reveal a variety of payloads, including thera-
peutic antibody fragments. DNA fragments attached to the surface of gold nanoparticles can utilize system
transformation, rather than system assembly/disassembly, to integrate input stimuli. One nanoplatform uses
DNA strands to attach fluorophore-quencher pairs to the surface of gold nanoparticles [146]. Upon detection
of target DNA sequences in cells, the platform uses toehold displacement to process inputs by altering a
fluorophore’s proximity to the quenching gold nanoparticle to induce or quench fluorescence. Conformational
changes of DNA structures are a powerful tool for controlling the mechanical availability and proximity of
nanoparticle components to create sophisticated downstream behaviors.

Another example of using system transformation to integrate biomolecular information is the incorpo-
ration of MMP-cleavable masking motifs on the surface of nanoplatforms. For example, masking motifs
have been genetically incorporated into the cell surface receptor binding pocket of adeno-associated virus
(AAV) nanoparticles such that when the motifs are in place, the vector cannot transduce cells [147]. This
system can act as an AND gate by combining two different masking motifs, each susceptible to different
MMPs, on the same virus capsid (Figure 1.11). In order for the AAV nanoparticles to successfully transduce
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cells, both types of masking motifs need to be cleaved from the capsid. Moreover, the protease-activatable
virus nanoparticle was modeled mathematically as a multi-input node, enabling its functional output to be
quantitatively predictable. Protease detection systems are particularly promising candidates for targeted
disease therapy since MMPs are often upregulated in a variety of disease sites [148].

Figure 1.11: Virus nanoparticles designed to be activated by two different MMPs for controlled gene
delivery. Tunable virus nanoparticles are generated from the combination of two capsid proteins with different
masking motifs (red or blue in schematic), each sensitive to a different MMP (red or blue pacmans). The
mixed “mosaic capsid” (middle row) demonstrates an AND-gate response to stimulation with the two different
MMPs. The “analog response” column displays heatmaps of the relative transduction index (rTI - the percent
of fluorescence positive cells multiplied by the mean fluorescence intensity, normalized to control) of the
given capsids in response to various concentration combinations of MMP inputs. Adapted with permission
from [147].

Nanoparticles have also used various biologically derived materials which exhibit altered physical be-
haviors, such as motility or swelling, in response to external stimuli. One such system uses two molecular
motors to mechanically induce the release of a payload from a hollow nanoparticle for targeted drug de-
livery [149]. The platform combines light-activated “nanoimpellers” and pH-activated “nanovalves” into an
AND gate configuration that requires detection of both light and pH stimuli to allow the payload to escape
the nanoparticle. Another system transformation-based approach uses phage capsid proteins, which undergo
a structural change upon binding to their unique environmental targets [150]. Two different phages can be
combined into one phage-bundle nanostructure to create an AND gate. Thus, detection of two different
nitroaromatic molecules results in swelling of the nanostructure, leading to a change in reflected color based
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on the arrangement of fibers. Thus, these phage nanostructures can be used to detect the presence of ex-
plosives by identifying multiple signature chemicals. In summary, biocomputing nanoplatforms that utilize
system transformation harness a more subtle change of the nanomaterial as the means for sensing inputs
and generating outputs. Many of these platforms are built from naturally occurring materials, such as DNA,
viruses, and proteins.

1.3.5 Conclusions and perspectives

The future of successful therapeutic and diagnostic nanoplatforms hinges on new and improved mecha-
nisms for connecting inputs (both intrinsic and extrinsic) to predictable and reliable output responses. The
wide range of platforms discussed here represents a promising foundation to achieving this vision. System
assembly-based biocomputing nanoplatforms show promise in many diagnostics applications, as generation
of multi-nanoparticle aggregates can lead to changes in absorbance or fluorescence of the nanoparticle solu-
tion. Nanoparticle aggregation or multi-subunit assembly allows for signal integration through the coming
together of many signal-detecting components. Biocomputing platforms based on system disassembly have
shown more promise in the field of drug delivery. Multi-nanoparticle disaggregation or multi-subunit dis-
assembly allows for the release of therapeutic cargo only at the site of input detection. Finally, system
transformation uses more nuanced changes to the nanomaterials to yield desired functional outcomes, and
shows promise in imaging and diagnostics, as well as for drug delivery.

In order for more sophisticated multi-tiered algorithmic trees to be built from individual nanoparticle
logic gates, the individual nanoparticles should be better characterized quantitatively. Based on experimental
data, the “transfer function” of each nanoparticle should be determined under various parameters. These
quantitative functions can help predict how a system would function given a certain set of conditions. Thus,
approaching nanoparticle design with quantitative biocomputation in mind should lead to the generation of
more predictable nanoplatforms.

Additionally, if therapeutic biocomputing nanoplatforms are to be used in complicated biological con-
texts, such as inside cells or in intact animals, the concentrations of various input stimuli need to be quantified
in relevant biological environments, such as diseased cells and tissues. This information is being curated by
various databases, but patient-to-patient variability may require personalized measurements of the target
biomarker(s) either via biopsies or through the use of companion diagnostics. The nanoplatforms must then
be optimized for the gradients of stimuli they will encounter in the target biological environments. In conclu-
sion, the field of biocomputing nanomaterials is expanding to encompass many more complex systems than
ever before. By conceptualizing the design process as one analogous to building electrical circuits, engineered
nanomaterials may be programmed to carry out sophisticated, multi-step computations that can result in
better targeted and more efficient drugs, or the detection of complex mixtures of desired analytes.

1.4 Strategies for engineering stimulus-response into protein-based
components

Protein engineering strategies are crucial for the modification of genetically encoded nanoparticles to create
new functionality. As improved technology to study protein interactions has produced a better understanding
of their binding interfaces and dynamic behaviors, researchers have capitalized on this knowledge to alter
proteins for medical and manufacturing purposes. Protein engineering has primarily focused on changing
enzyme activity to modify biochemical pathways [151]. Molecular dynamics models have been applied to
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alter existing proteins and create novel enzymes. In addition, libraries of mutated proteins have been built
and screened to identify useful variants.

1.4.1 Rational design of biological behaviors

The rational design approach to modifying proteins analyzes structures and identifies likely key residues
by their proximity to interaction domains, homology in proteins with similar structure, and chemical and
physical properties [151]. Then, these residues are modified to increase or decrease binding interaction
strength, alter hydrophobic effects, sterically block interactions, or modify protein flexibility by altering ring
structure [151]. Rational design has also been used to design enzymes with completely new functions by
starting with a generic base tertiary structure or an existing enzyme and using computational tools to create
a new interaction domain [152]. Computational models can identify binding residues on a ligand and create a
pocket to interact with these residues in the correct shape, based on existing structures [153]. This approach
is then applied to create binding pockets that act as enzymes by facilitating the stability of intermediate
states (Figure 1.12) [154, 155]. In addition to these strategies for creating novel enzymes, bioinformatic
approaches compile information from existing catalytic domains to identify regions necessary for function
and regions likely susceptible to mutation for retargeting [156].

Figure 1.12: A computational approach for designing enzymes that stabilize transition states. Reprinted
with permission from [154].

1.4.2 Library-based evolution of dynamics

Another approach to creating proteins with modified dynamics is to create a mutation library from an existing
protein and then select for desired behaviors. While libraries can be generated through random mutation,
typically the mutation is guided by principles similar to those used in rational design approaches. Mutational
libraries can be directed at structurally significant regions, or regions identified as susceptible to mutation
through evolutionary analysis [157, 158]. These libraries can be created through point and short sequence
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mutations or through recombination. Screens for these libraries are tricky to develop, as they must both
isolate the target dynamic property and preserve sequence information. Thus, these studies are either cell
based, relying on cell sorting or high thoroughput approaches, or incorporate unique peptide labels on each
mutant [159]. Evolution-based approaches iterate through library generation and screening, incorporating
computational evaluation of successful mutants to optimize future generations (Figure 1.13).

Figure 1.13: A computational approach for iterating libraries to generate optimized enzymes. Reprinted
with permission from [160].

1.5 Thesis overview

This thesis describes the development of two technologies for peptide and protein display on the AAV
capsid, as well as the application of computational design tools for accelerating the process of engineered viral
capsid development. Chapter 1 introduces AAV as an engineerable nanoplatform with therapeutic relevance,
summarizes previous research on biocomputing nanoplatforms, and describes techniques for engineering
stimulus-response behaviors into protein-based systems. Chapter 2 describes the development of a panel
of AAV-based viral nanoparticles capable of varying degrees of constant or activatable peptide display in
response to heat stimulus, derived from an innate-to-AAV peptide-display function. Chapter 3 demonstrates
a different approach for displaying larger proteins or targeting motifs on the AAV capsid by attaching them
post-assembly, and explores potential applications for the delivery of gene editing machinery. Chapter 4
examines two computational approaches, one derived from coarse-grained molecular dynamics modeling
and one drawn from the study of residue co-evolution within protein families, for their ability to predict
mutant AAV capsid formation and function. Overall, this thesis expands the potential outputs of engineered
AAV platforms and presents strategies for applying computational models to speed the viral nanoplatform
development pipeline.



Chapter 2

Reprogramming the Activatable Peptide
Display Function of Adeno-Associated
Virus Nanoparticles

†

We harnessed an intrinsic activatable peptide display behavior shared by several parvoviruses, including
the adeno-associated virus (AAV), in order to design protein-based nanodevices that can carry out an
exogenous functional output in response to stimulus detection. Specifically, we generated truncated viral
capsid subunits that, when combined with native capsid components into mosaic capsids, can perform
robust activatable peptide display. By modulating the ratio of subunits in the mosaic capsid, properties of
the activatable peptide display function can be optimized. Interestingly, the truncated subunits can form
homomeric capsids not observed in nature, but at the price of losing the ability to carry out activatable
peptide display. Collectively, our results demonstrate the importance of capsid mosaicism when activatable
peptide display is desired, and help explain why the wild-type AAV capsid exists as a mosaic of different
subunits. This proof-of-concept study illustrates a strategy for reprogramming a particular conformational
output behavior of AAV in pursuit of the long term vision of creating stimulus-responsive nanodevices.

2.1 Introduction

Viruses are self-assembling nanodevices whose capsids exhibit energetic metastability, allowing for confor-
mational shifts in response to environmental stimuli. Due to their innate ability to protect and deliver
biomolecular and genomic cargo, viral nanoparticles (VNPs) are being developed as diagnostics and thera-
peutics [14,161]. VNPs exhibit promise for predictable design and engineering due to their genetic encoding,
monodispersity, and controlled self-assembly. These traits have been leveraged to develop ‘bionic’ viruses,
integrating natural and synthetic components to improve the specificity and efficiency of viral infection, as
well as the range of therapeutic and diagnostic functional outputs [15].

In order to gain greater control over viral function and to expand viral capabilities for sensing and re-
sponding to desired environmental cues, the field of synthetic virology seeks to 1) identify, characterize, and

†
This chapter has been adapted with permission from Thadani, N. N., et al. (2018). Reprogramming the

Activatable Peptide Display Function of Adeno-Associated Virus Nanoparticles. ACS Nano.
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refactor viral elements and 2) reprogram the intrinsic ‘inputs’ and ‘outputs’ of viruses. The latter strat-
egy, broadly termed biocomputation, allows nanoplatforms to detect, integrate, and process environmental
information and to produce predictable outputs in response [162]. Ideally, the design of these computing
nanoparticles is modular, allowing for different input-sensing domains to be combined with various output-
producing components, resulting in complex signal integration. This strategy applied to VNPs may further
augment their innate aptitude for cellular infection, enabling improved specificity and efficiency of tissue
targeting, disease diagnosis, and cargo delivery.

Viral capsid engineering has generally focused on modifying the ‘inputs’ governing infection. For example,
viral components have been mutated to detect desired host cell-specific receptors as inputs, thus altering
cellular binding [163,164]. VNPs have also been designed to detect other types of inputs, such as extracellular
enzymes to trigger viral cell entry [147] and exogenously applied light to alter viral intracellular trafficking
[165]. Magnetic and pH-responsive VNP systems have been developed by conjugating viruses to materials
such as magnetic metal nanoparticles [166] or pH-responsive peptide matrices, [131, 167] translating the
stimulus-responsive properties of these materials to viral delivery. Upon detection of input stimuli, the most
common output produced has been delivery of the cargo carried by the VNP. Other than modifying what
cargo is carried, strategies for reprogramming other types of VNP outputs have been largely unexplored.

As proof-of-concept, we sought to reprogram a dynamic conformation change ‘output’ present in a virus
capsid. Specifically, upon entry into a host cell’s endosomal pathway, the capsid of several parvoviruses,
including that of adeno-associated virus (AAV), undergoes a structural shift leading to the surface-display of
previously hidden peptide motifs [69, 168–171]. AAV is a small 25 nm diameter virus consisting of a single-
stranded DNA genome and a 60-mer mosaic capsid composed of three protein subunits (VP1, VP2, and VP3
in a 1:1:10 stoichiometric ratio). These VPs are encoded on a single open reading frame (ORF) of the AAV cap
gene with unique start sites, resulting in capsid subunit proteins that share a common C-terminal domain but
have progressively fewer N-terminal residues (Figure 2.1). The longer N-terminal regions of VP1 and VP2 are
presumed to be packaged in the interior of the AAV capsid, then externalized onto the capsid surface during
endosomal trafficking due to the low pH and presence of other endosomal factors [9]. The N-terminus of VP1
contains a phospholipase A2 (PLA2) domain and putative nuclear localization signals (NLSs) that facilitate
endosomal escape and nuclear translocation, respectively [70, 71]. In other words, the AAV capsid exhibits
a stimulus-activatable peptide display functionality. This peptide externalization is thought to involve the
capsid five-fold pores, although the two-fold axis of symmetry may also undergo a conformational change
during the process [43, 72, 73]. The activatable peptide display behavior may be induced experimentally
by heating the capsid to ~62 °C. We previously demonstrated successful reprogramming of this structural
output by replacing the PLA2 domain (�PLA mutant) with a hexahistidine (His6) tag, which enabled the
virus to bind nickel ions upon heat activation [172].

Here, we built upon our prior work to investigate the design rules foundational to the construction of
virus-based nanodevices that can use this type of capsid conformational switching in order to output defined
functions. Interestingly, AAV’s VP1 and VP2 subunits are able to carry out activatable peptide display;
however, VP1 and VP2 subunits cannot form homomeric capsids that are composed of a single subunit type
(e.g. entirely VP1 subunits or entirely VP2 subunits). On the other hand, the shortest VP3 subunit can form
homomeric capsids (entirely VP3 subunits) but does not exhibit activatable peptide display behavior [173].
Thus, we rationalized that an engineered capsid subunit with a length between that of VP2 and VP3 may be
able to form homomeric capsids and exhibit dynamic peptide display. To test this hypothesis, we generated
and characterized a panel of VP2 truncation mutants, and our results demonstrate the importance of capsid
mosaicism—the mixture of different subunit types into one capsid—for the proper functioning of AAV’s
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activatable peptide display.

2.2 Results

2.2.1 Characterization of homomeric VP2 truncation VNPs

Using site-directed mutagenesis, we generated six VP2 truncation mutants by first silencing the VP1, VP2,
and VP3 start codons and then inserting a new start codon in progressively more downstream locations from
the original VP2 start, resulting in the deletion of increasingly larger numbers of amino acids from the VP2
N-terminus (Figure 2.1). A hexahistidine tag (His6) immediately follows the inserted start codon, yielding
a panel of VP2�-His6 mutants.

Figure 2.1: A schematic of wild-type AAV2 cap gene with an open reading frame containing overlapping
genes for VP1, VP2, and VP3, and the VP2�-His6 mutant genes generated from the cap gene. The amino
acid residue numbers of the native start codons are indicated below the wt AAV2 gene. VP2�-His6 mutant
genes consist of a start codon, a His6 sequence, and serial 10-AA truncations of the VP2 protein sequence.
Schematic not drawn to scale.

The VP2�-His6 mutants were used to form homomeric capsids, each containing only identical copies of
a single VP2�-His6 protein. Surprisingly, all mutants were able to assemble homomeric capsids and package
genomes, as evidenced by quantitative PCR (qPCR) to measure viral titers and western blotting to detect
capsid subunits (Figure 2.2a, c). These titers appear lower than the �PLA mutant (used here as a control,
as it forms with titers similar to wt), but the differences are not statistically significant. All VNPs have
significantly lower titers than homomeric VP3 VNPs. In comparison, the wt VP2 subunit with the full-length
VP2 N-terminus cannot form homomeric capsids (data not shown), as previously reported by others [173].
Viral titers have an inverse relationship with the length of the VP2�-His6 mutants, with the exception of
�60, whose low titer excluded it from further study.

Although the VNPs are able to assemble into capsids that contain genomes (Figure 2.2a), the structural
integrity or morphology of the capsids may be compromised by the incorporation of 60 VP2 N-termini,
as opposed to the ~10 N-termini in wt capsids (5 VP1 and 5 VP2 N-termini per wt capsid). We tested
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Figure 2.2: Characterization of homomeric VP2�-His6 virus nanoparticles (VNPs). Caption continued on
following page.
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Figure 2.2 (previous page): A: Genomic titers of 10-plate virus preps determined using qPCR and
expressed as viral genomes per mL (�20 N=6, �30 N=3, �50 N=4, all others N=2). The �PLA-His6
VNP (�PLA) composed of wtAAV2 proteins with the PLA domain on VP1 replaced with a His6 domain
(previously characterized [172]) and a VNP (VP3) composed solely of the shortest capsid protein VP3 are
included as controls. ** P<0.01 when compared to all VNPs shown. B: Benzonase genomic protection
assay (�20 N=6, �10 and �40 N=3, all others N=4). VNP samples were treated with benzonase or sham
buffer and remaining genomes quantified with qPCR. % genome protected is the fraction of genomes in the
benzonase-treated sample as compared to sham. The �60 mutant was excluded from the genomic protection
assay and other further assays due to low titer. C: Western blots of homomeric capsids. Assembled capsids
extracted from cell lysates and separated on iodixanol gradients were denatured before gel separation and
western blotting using a B1 antibody (top) and an anti-His antibody (bottom). The B1 antibody recognizes
a C-terminal epitope present in all VPs. D: TEM images of homomeric capsids. Empty capsids appear
as hexagonal shapes with dark centers, while full capsids appear as hexagonal shapes of uniform color.
150,000X, scale bar is 50 nm. E: Temperature responsive nickel binding assays of homomeric capsids (�PLA
and �40 N=4, all others N=3). Viruses were incubated at various temperatures, applied to nickel affinity
columns, and the amount of virus bound to the column was quantified using qPCR. The �10 and �60 were
excluded due to insufficient titers. All error bars are SEM, and statistical comparisons were conducted using
ANOVA with post-hoc testing.

the abilities of the VNPs to protect their genomes from nuclease digestion by incubating the particles with
benzonase and using qPCR to quantify the number of viral genomes protected by a structurally intact capsid
(Figure 2.2b). Genome protection is comparable to the �PLA control for all VNPs tested.

We qualitatively assessed the morphology of the virus variants using transmission electron microscopy
(TEM). The VP2�-His6 homomeric capsids display hexagonal morphology similar to that of the �PLA-His
virus and samples consist of both full and empty capsids (Figure 2.2d). The population of �10 mutants also
contains a subset of capsid-like structures that are roughly twice the size of a normal AAV capsid (Figure
2.2d, inset); these abnormal structures were not observed for any of the other mutants. These results thus far
demonstrate most of the VP2�-His6 homomeric capsids are structurally intact and appear morphologically
normal.

To test the activatable peptide display of the VP2�-His6 homomeric VNPs, we used nickel affinity
chromatography. The VNPs were incubated at a variety of temperatures between 20 °C and 75 °C and
then applied to nickel affinity columns. After unbound and denatured VNP genomes were removed through
washing, the elution fraction was collected and viral content quantified as a percentage of total viral genomes
collected from the column. This analysis was conducted for the �20-50 mutants, as the �10 and �60
homomeric capsids did not form with sufficient titers. As previously demonstrated by Musick et al., [172] the
�PLA-His VNP exhibits maximum binding at 62 °C—approximately 40% of the capsids bind the column
(Figure 2.2e, top left). At higher temperatures the capsid denatures, so no binding of intact capsids is
observed.

Interestingly, the VP2�-His6 homomeric VNPs exhibit binding profiles strikingly different than the
�PLA-His6. All VP2 truncation VNPs demonstrate high nickel binding at room temperature (RT) (Fig-
ure 2.2e), suggesting that the His6 tags are already surface-exposed on the homomeric capsids. The �20
appears to lose column binding ability as incubation temperature increases, at temperatures well below the
previously reported ~72 °C melting temperature of wt AAV2 [97]. The �30 and �40 exhibit a slight gain in
column binding with increasing temperature until a peak is reached at ~55 °C, followed by a drop-off. This
observation may suggest that a minor subset of His6 tags are activatable (i.e. revealed upon temperature
activation) for �30 and �40 homomeric capsids, while the rest are always surface-exposed. Notably, the
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�40 homomeric capsid appears to bind the nickel column well past the wt denaturation point, as deter-
mined by extending the assay to temperatures up to 90 °C. The �50 maintains high nickel binding with
no detectable change until 60 °C, after which point the binding drops off likely due to capsid denaturation.
Generally, the VP2�-His6 homomeric capsids exhibit negligible activatable peptide display (as determined
by the difference in binding at 60 °C compared to binding at RT), but exhibit a greater maximum avidity for
the nickel columns than �PLA-His6. These results suggest that the N-terminal domains of the VP2�-His6
variants do not pack effectively inside homomeric VNP capsids, and the viruses are in an “ON” state with
regards to nickel binding capability irrespective of temperature activation. The binding capabilities mainly
decrease due to capsid denaturation.

2.2.2 Characterization of mosaic VP2 truncation VNPs

The wt AAV capsid is not homomeric, but rather is a mosaic of three capsid subunits—VP1, VP2, and VP3.
To determine the impact of mosaicism on the function of the engineered N-terminal domain, we generated
mosaic capsids composed of VP2�-His6 mutants and VP3, the shortest wt AAV capsid subunit that does
not exhibit activatable behavior. As a first pass, we generated mosaics that theoretically contain one part
VP2�-His6 and three parts VP3 subunits. In wt capsids VP1, VP2, and VP3 exist in a 1:1:10 ratio, so VP3
makes up ~5/6 of the capsid components. Thus, our first panel of mosaic capsids have slightly less VP3 than
in wt AAV. We then characterized the formation, incorporation of components, and structural integrity of
these VP2�-His6 1:3 mosaic VNPs.

In contrast to homomeric capsids, all 1:3 mosaic capsids assemble with titers comparable to wt, indicating
a recovery in capsid assembly (Figure 2.3a). All mosaic capsids also protect their genomes from nuclease
digestion similarly to wt, as indicated by genomic protection assay (Figure 2.3b).

We confirmed that the 1:3 mosaic capsids incorporate both VP2�-His6 and VP3 subunits by B1 western
blot, and the anti-His6 western blot verified inclusion of His6 in the truncated VP2 subunits (Figure 2.3c,
d). The B1 western indicates successful incorporation of all VP2�-His6 mutant subunits in their respective
mosaic capsids except �50 and �60, which are too close in molecular weight to VP3 to be discerned.
However, all VP2�-His6 mutant subunits can be identified in their respective mosaic VNPs on the anti-His6
blot.

Nickel affinity chromatography of the VP2�-His6 1:3 mosaic VNPs reveal restored activatable peptide
display for almost all variants (Figure 2.3e). The VNPs exhibiting activation reach peak column binding at
60 °C. Peak binding ranges from 63% (�201-VP33) to 75% (�601-VP33), an increase over the 40% previously
shown for �PLA-His6 VNP (Figure 2.2e). Binding at RT varies among the mosaic VNPs, from 13–20% for
longer VP2�-His6 mutants to 30% for shorter mutants, suggesting longer N-termini are better at packaging
and concealing the His6 motif. Interestingly, the �401-VP33 mosaic VNP does not exhibit activatable
binding—rather, its phenotype resembles the homomeric VNPs, with high column binding at RT and a
drop-off upon denaturation. This may be indicative of deficient N-terminal packaging of the �40 VP2�-
His6 subunits in the 1:3 mosaic capsid. All of the mosaics largely appear to denature by 70 °C. However,
the �101-VP33 mosaic shows significant column binding at 70 °C as previously seen in the �40 homomeric
VNP, while the �401-VP33 does not exhibit column binding at 70 °C. Taken together, mosaicism of the
virus capsid appears to be an important design strategy for achieving temperature-activatable N-terminus
externalization.
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Figure 2.3: Characterization of VP2�-His6 1:3 mosaic VNPs. Caption continued on following page.
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Figure 2.3 (previous page): A: Genomic titers of one-plate virus preps determined using qPCR and
expressed as viral genomes per mL (�20 N=3, all others N=2). wtAAV2 included as a control. B: Benzonase
genomic protection assay (�30 N=6, all others N=3). VNP samples were treated with benzonase or sham and
remaining genomes quantified with qPCR. % genome protected is the fraction of genomes in the benzonase-
treated sample as compared to sham. C: Western blot of the 1:3 mosaic capsids. Assembled capsids extracted
from cell lysate and separated on iodixanol gradients were denatured before gel separation and western
blotting using a B1 antibody. D: Western blot of the 1:3 mosaic capsids as described in C, using an anti-His
antibody (image intensity adjusted uniformly). E: Temperature responsive nickel binding assays of the 1:3
mosaic capsids (N=3). Viruses were incubated at various temperatures, applied to nickel affinity columns,
and the amount of virus bound to the column was quantified using qPCR. All error bars are SEM, and
statistical comparisons were conducted using ANOVA.

2.2.3 Impact of subunit ratio on mosaic VNPs

Results from the homomeric and 1:3 mosaic VNPs suggest that the ratio of VP2�-His6 to VP3 may play a
role in activatable N-terminus externalization. To explore this relationship further, we developed a panel of
�30:VP3 mosaics at different ratios, spanning from 3:1 to 1:5 with the latter being most similar to the ratio
of VP1 and VP2 subunits to VP3 in wt AAV2. We then characterized this �30 mosaic panel to determine
the impact of different subunit ratios on VNP formation, subunit incorporation, structural integrity, and
temperature-responsive nickel binding.

�30 mosaic VNPs at all ratios assemble and protect their genomes from nuclease digestion similar to wt.
(Figure 2.4a, b). To determine if altering the transfection plasmid ratios of �30:VP3 yields VNPs with the
expected ratio of subunits in assembled capsids, we conducted B1 western blots (example, Figure 2.4c) and
compared the intensities of capsid subunit bands within each lane using densitometry (Figure 2.4d). Ratios
of proteins in the assembled VNPs correspond to transfection ratios ±15%, indicating that transfection ratios
may be used to control mosaic ratios in aggregate populations of VNPs, although mosaic incorporation ratios
may vary between individual capsids.

Nickel affinity chromatography of the �30:VP3 mosaic VNPs indicates that the ratio of �30 to VP3
subunits impacts RT binding as well as the degree of activatable behavior (Figure 2.4e). The 3:1 VNP
exhibits a phenotype similar to the homomeric VNPs, with high column binding at RT and a drop-off upon
denaturation. The 1:1 VNP exhibits a phenotype of partial RT binding (58%), and activation to a peak of
83% binding—the highest observed of any VNP exhibiting activation. The 1:3 VNP (previously described in
Figure 2.3) and 1:5 VNP exhibit low RT binding and peak activation around 60 °C. Thus, for mosaic VNPs,
a greater proportion of VP3 in the capsid results in less RT binding and greater activation. Collectively,
these results suggest that activatable subunits should be the minor component of mosaic VNPs if robust
activatable N-terminus externalization is desired.
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Figure 2.4: Characterization of �30:VP3 mosaic VNPs. Caption continued on following page.
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Figure 2.4 (previous page): A: Genomic titers of one-plate preps determined using qPCR and expressed
as viral genomes per mL (N=2). B: Benzonase genomic protection assay (1:3 mosaic N=6, all others N=3).
VNP samples were treated with benzonase or sham buffer and remaining genomes quantified with qPCR.
% genome protected is the fraction of genomes in the benzonase-exposed sample as compared to the sham-
exposed sample. C: B1 western blot of the �30 mosaic capsids. Assembled capsids extracted from cell lysates
and separated on iodixanol gradients were denatured before gel separation and western blotting using a B1
antibody. D: Subunit composition of �30 mosaic VNPs determined through densitometry of B1 western
blots (N=2). E: Temperature responsive nickel binding assays of the �30 mosaic capsids (N=3). Viruses
were incubated at various temperatures, applied to nickel affinity columns, and the amount of virus bound to
the column was quantified using qPCR. All error bars are SEM, and statistical comparisons were conducted
using ANOVA.

2.3 Discussion

To understand the relationship between VNP composition and activatable peptide display behavior, we
analyzed the impact of VNP mosaic components and ratios on capsid assembly and activation. We defined
an Activation Index as the difference in binding after incubation at peak activation temperature (60–62 °C)
and binding after RT incubation (20–23 °C).

Capsid assembly in general is not significantly correlated with VP2�-His6 truncation mutant length
(Table 2.1); however, among the homomeric capsids, shorter truncation mutants appear to favor assembly
(Figure 2.2a). This trend is broken by the �60 capsid. The �40, �50, and �60 sequences introduce
mutations into the assembly-activating protein (AAP), a protein encoded in an alternate reading frame
on the cap gene [6]. AAP is required for assembly of AAV2, although this co-factor is not required for
the assembly of all AAV serotypes [31]. While the �40 and �50 protein sequence mutations introduce a
short peptide sequence (CYYYYYY) to the N-terminal end of AAP, the �60 mutation introduces a stop
codon. This mutation may block the expression of functional AAP, resulting in failed assembly of the
homomeric �60. When �60 is assembled in mosaic capsids with VP3 subunits, AAP is produced from the
VP3-expressing plasmid, potentially accounting for restored capsid assembly. In general, capsid assembly
is positively correlated with increasing amounts of VP3 (Table 2.1). This could be due to VP2�-His6
truncation mutants promoting increased formation of empty capsids or capsid protein oligomers that are
separated from full capsids during iodixanol gradient ultracentrifugation [21]. VP3-only capsids form with
significantly higher titer than �PLA-His6 capsids (with composition similar to wt), consistent with our
observation that mosaics with higher amounts of VP3 form more VNPs.

Genomic protection is not significantly correlated with VP2�-His6 truncation mutant length or the
amount of VP3 incorporated (Table 2.1). VNPs exhibit genomic protection comparable to wt. Nickel
column binding assays, however, hint at differences in capsid stability after exposure to high temperatures.

Table 2.1: Pearson correlations of VNP subunit composition and VP2�-His6 mutant length with capsid
assembly, genomic protection and Activation Index (N=13). Activation Index is defined as the difference in
binding at the peak activation temperature and at RT. p<0.05:*, p<0.01:**, p<0.001:***

Capsid Assembly Genomic Protection Activation Index

VP2�-His6 Length -0.107 (n.s.) 0.104 (n.s.) 0.083 (n.s.)

Amount VP3 0.835*** 0.306 (n.s.) 0.805***
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Figure 2.5: Benzonase genomic protection assay of �40 homomeric VNP post-incubation. �40 was incu-
bated at the stated temperatures for 30 minutes, then benzonase genomic protection assay was conducted.
wt AAV2 is included as a control. Genomic protection was normalized to the level of protection at 23°C for
both VNPs. �40 exhibits low degrees of genomic protection after incubation at 80°C and 90°C, while wt
exhibits no genomic protection after incubation at these temperatures. Error bars are SEM (N=3).

In particular, the majority of VNPs exhibit a near-complete drop-off in column binding by 70 °C, near the
melting temperature of wt at 72 °C [97]. However, the �40 homomeric VNP and �10 mosaic VNP still bind
the column at the highest temperatures tested, up to 90 °C for the �40 homomeric VNP. (Figures 2.2e, 2.3e).
This sustained binding may be due to the �10 and �40 truncation mutant proteins possessing increased
viral genome affinity. These protein monomers may hold genomes on the columns even at temperatures
where the capsid has denatured. Alternatively, these �10 and �40 mutants may facilitate greater capsid
thermal stability. Preliminary data from benzonase assays conducted on the �40 homomeric VNP after
exposure to high temperatures indicate that a fraction of this VNP exhibits enhanced thermal stability
(Figure 2.5). It is unclear why these VNPs exhibit enhanced stability differentially between homomeric and
mosaic capsids, and future studies examining the structures of the mutant capsids are needed to further
explain these observations.

Activatable peptide display, quantified via the Activation Index, is positively correlated with increas-
ing amounts of VP3 but has no significant correlation with the length of VP2�-His6 truncation mutant
incorporated (Table 2.1). To identify shared characteristics of activatable VNPs, we classified the VNPs
using k-means clustering into two clusters on the Activation Index for all VNPs with nickel column data
(Figure 2.6a). We then identified the cluster with the higher Activation Index as activatable and the other
as non-activatable. This clustering results in an activation threshold of approximately 0.2 and a ratio of
sum of squares (ss) of distances between clusters over total sum of squares of distances between all data
points of 84%, indicating that 84% of variance in the Activation Index dataset is explained by these clusters.
Interestingly, all capsids with a ratio of VP2�-His6:VP3 less than or equal to 1:1 (i.e. same or less proportion
of VP2 truncation subunit in mosaic relative to VP3) are classified as activatable, with the exception of the
�401-VP33 mosaic capsid. It is possible that the proline-rich region near the �40 N-terminus contributes
to structural rigidity, making it difficult for the N-terminal His6 tag to package inside the capsid for later
activation [174]. Further investigation is needed to elucidate the properties of �40 preventing activatable
peptide display, even in a majority-VP3 mosaic capsid.
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Figure 2.6: Summary of VNPs with activatable and non-activatable peptide display. A: Classification of
VNPs as activatable and non-activatable. VNPs were grouped into activatable or non-activatable subsets
using K-means clustering on the Activation Index into two clusters, resulting in an approximate threshold of
0.2. B: RT and peak binding (60–62 °C) of activatable and non-activatable VNPs. Activatable VNPs exhibit
a shift from low to high binding between RT and peak, while non-activatable VNPs exhibit high binding
at both temperatures. Black arrowhead indicates the �301-VP31 mosaic VNP, which exhibits higher RT
binding than the other activatable VNPs. White arrowhead indicates �20 homomeric VNP, which is the
only VNP to exhibit a >0.15 drop in binding at peak as compared to RT.

When we examine binding at RT versus binding at ~62 °C (the temperature of peak wt activatable pep-
tide display) (Figure 2.6B), activatable viruses exhibit low binding at RT with the exception of �301-VP31.
Binding typically increases at least two-fold (�301-VP31 excepting) from RT to peak temperature activa-
tion. Non-activatable viruses exhibit high column binding at both RT and peak temperature (Activation
Indices generally less than 0.15), with the exception of the homomeric �20. This VNP exhibits a decrease in
binding at peak temperature. The �20 does not show reduced genomic protection post incubation at 60 °C
as compared to wt, indicating that these results are not solely due to capsid denaturation (Figure 2.7). Col-
lectively, these data indicate that activatable viruses conceal N-terminal His6 tags until stimulus detection,
while non-activatable viruses have constantly exposed His6 tags. Notably, the mosaic VNPs described in this
work achieve higher functional output levels than the �PLA mutant we generated previously [172]. This
improvement is apparent both in terms of maximum nickel column binding attained (83% for �301-VP31 as
compared to 40% for �PLA) and Activation Index (>0.5 for �101-VP33 and �201-VP33 as compared to
0.2 for �PLA).
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Figure 2.7: Benzonase genomic protection assay of �20 homomeric VNP post-incubation. �20 was incu-
bated at the stated temperatures for 30 minutes, then benzonase genomic protection assay was conducted.
wt AAV2 is included as a control. Differences between �20 and control are not significant. Error bars are
SEM (N=3).

2.4 Conclusion

We have identified a key design parameter for engineering activatable peptide display in AAV-based nan-
odevices. The ratio of subunits in the mosaic capsid is the most influential design parameter for VNP
activatability, where VNPs are most activatable when the subunit with the responsive peptide motif (e.g.
VP2-His6 truncation mutant subunit) is the minor capsid component. A potential structural explanation for
this observation is that there is a limit to the number of longer-N termini that can be packed into the interior
of the capsid, and the remaining N-termini are surface displayed prior to activation. Surprisingly, the length
of the VP2-His6 truncation mutants does not appear to be a significant factor in activatability, suggesting
that the capsid subunit regions removed in the �10-�60 truncation mutants (corresponding to all but five
of the VP2 residues located before the VP3 start codon) are not essential for activatable peptide display.
Further investigation is required to determine why high proportions of VP2-His6 truncation subunits result
in incomplete N-termini packaging in the assembled capsid, and what regions (if any) on the capsid subunit
N-terminus are required for activatable peptide display.

More broadly, the work described here presents an avenue for engineering activatable protein-based
nanodevices by reprogramming naturally occurring viral capsid dynamics. This strategy may be applied to
create nanodevices designed to carry out specific functions upon detection of extracellular or intracellular
target stimuli. VNPs can incorporate a large number of linear cell-targeting or cell-penetrating peptides,
facilitating specific tissue tropism and alternate paths to cytoplasmic entry [175,176]. Homomeric VNPs that
are always “ON” may be used to display 60 copies of targeting peptides, while mosaic VNPs that exhibit
activatable display may be further engineered to respond in a stimulus-responsive manner to biomarkers
specific to particular cells or tissues. While the VNPs described here lack the VP1 unique domain required
for endosomal escape and delivery of genetic material to the nucleus, they are internalized into cells similarly
to wt (Figure 2.8), suggesting capsid-receptor interactions are retained. These VNPs may be used to deliver
peptides to the endosomal environment, or to the cytoplasm with the assistance of endosomolytic peptides
[177]. VNPs may also be targeted to the nucleus or other intracellular targets for combined gene and peptide
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Figure 2.8: Cellular internalization of �303-VP31 and �301-VP33 VNPs. 1.8E6 confluent HEK293T cells
were transduced with VNPs at 5,000 multiplicity of infection. After 2 hours, cells were washed with PBS
3 times and harvested. Intracellular DNA was extracted using E.Z.N.A. Tissue DNA Kit (Omega Bio-tek).
Viral genomes were quantified with qPCR and normalized to total DNA extracted. wt AAV2 and cells
without transduced virus are included as positive and negative controls, respectively. Error bars are SEM
(N=2).

delivery using signal peptide sequences. Programming such peptide-based stimulus-responsive viral outputs
may allow VNPs to interact with intracellular machinery to produce signal detection, protein function
modulation, and targeting behaviors in an activatable or constant manner. When combined with viruses’
innate ability to infect cells with high efficiency, this approach may lead to opportunities in VNP diagnostics
and therapeutics.

2.5 Experimental

2.5.1 Cloning of virus variants

AAV2 mutants were created through site-directed mutagenesis of pXX2 plasmid using a PfuUltra High-
Fidelity DNA Polymerase protocol (Stratagene). First, expression of all three proteins was prevented by
silencing all start codons present on the cap gene, where the three VPs share an open reading frame [173].
To form viral truncation mutants, an ATG start codon followed by a His6 tag-coding sequence was inserted
into the VP2 N-terminus. Six VP2-His6 mutants of decreasing capsid protein length were created by altering
the location of insertion along regularly spaced, in-frame intervals. Mutant plasmids were sequence-verified
via an external vendor (GENEWIZ).

2.5.2 Virus production and purification

To produce the AAV2 vectors, 7.5 µM polyethylenimine (PEI) was used to cotransfect the rep-cap encoding
plasmid (pXX2 for wild-type AAV2 capsid, mutated plasmids for truncation variants), adenoviral helper
plasmid pXX6-80, and pGFP (encoding GFP reporter gene flanked by ITRs) into HEK 293T cells, which
acted as the site of protein production and viral assembly. Approximately 48 h after transfection, viruses
were extracted by first lysing the cells with three freeze-thaw cycles. Excess and unpackaged nucleic acids
were digested using 50 U/mL benzonase nuclease (Sigma) and removed with centrifugation. Fully-formed
and packaged viruses were separated using iodixanol density gradient ultracentrifugation [178].
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Viruses were applied to HiTrap Heparin HP columns (Amersham Biosiences) for further purification.
The columns were washed with gradient buffer (10 mM Tris, 10 mM MgCl2, 150 mM NaCl) and loaded with
AAV in iodixanol. 5 mL elution buffer (10 mM Tris, 10 mM MgCl2, 1 M NaCl) was applied to the heparin
columns. Purified AAV was collected from the second elution fraction and dialyzed in 3 exchanges of 500
mL DPBS + Mg/Ca (55.9 mM Na2HPO4, 3.4 mM MgCl2·6H2O, 18.5 mM KCl, 10.1 mM KH2PO4, 944.0
mM NaCl, 0.3 mM CaCl2·2H2O) for a total of 18 h at 4 °C.

2.5.3 Virus titer determination

Quantitative polymerase chain reaction (qPCR) determined viral titer, or the effective concentration of viral
genetic material. 2 M NaOH was used to break open viral capsids and release packaged DNA. Follow-
ing neutralization with 2 M HCl and dilution with ultrapure water, SYBR Green PCR Master Mix (Life
Technologies) and primers against the packaged CMV were added to the samples and run on the Bio-Rad
CFX96 qPCR machine. Serially diluted rAAV plasmid DNA standards were also prepared and used to
obtain absolute titer values.

2.5.4 Western blot of virus capsids

Western blot assays were used to analyze VP subunit composition in assembled AAV capsids. Viruses were
first denatured using LDS sample buffer (4X) (Life Technologies). Samples were electrophoresed in 12%
bis-tris gels according to manufacturer’s protocol (Bio-Rad). The protein bands were wet-transferred to a
nitrocellulose membrane (GE Healthcare), and the membranes were then blocked in 5% milk in PBS-T (137
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.2% Tween). The membrane was incubated first
in monoclonal mouse B1 and ↵-His antibodies (1:50 and 1:100 dilutions, respectively; American Research
Products) followed by HRP-conjugated goat anti-mouse IgG antibody (1:2000 dilution; Jackson Immunore-
search). Lumi-Light Western Blotting Substrate solution (Roche) was added to the blot and the resulting
stains were imaged using a GE Healthcare ImageQuant LAS 4000 imager. Densitometry analysis of gels was
conducted using ImageJ 1.46r, as described in the ImageJ documentation (https://imagej.nih.gov/).

2.5.5 Transmission electron microscopy

300 mesh continuous carbon sample grids (Ted Pella) were glow discharged, and 8 µL of DPBS-purified virus
was applied to the grid and left for 5 min, held in tweezers. The grid was then wicked dry with filter paper
and washed twice by quick immersion in separate drops of 50 µL of ultrapure water, wicking dry in between
each wash. Next, the samples were negatively stained by immersion in two drops of 50 µL uranyl formate
(7.5 mg/mL filtered with 0.2 µm syringe filter; EMS), where the sample was left in the second drop for 20
s. The sample was wicked dry and left to air dry for 15 min. TEM images were taken with a JEM FasTEM
2010 transmission electron microscope.

2.5.6 Benzonase protection assay

DPBS-purified virus samples (2.5 µL) were diluted in 47.5 µL 1X endo buffer (1.5 mM MgCl2, 0.5 mg/mL
BSA, 50 mM Tris, pH 8.0) and mixed thoroughly. 20 µL of each sample was split into two separate tubes
and incubated with 0.5 µL benzonase nuclease (250 U/µL, Sigma) or 0.5 µL sham buffer (50% glycerol, 50
mM Tris-HCl, 20 mM NaCl, 2 mM MgCl2, pH 8.0) at 37 °C for 30 minutes. To terminate nuclease activity,
0.5 µL of 0.5 M EDTA was added to both. Viral titers for the benzonase-treated and sham-treated samples
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were determined using qPCR, and genome protection was calculated by the ratio of benzonase-treated titer
to sham-treated titer.

2.5.7 Nickel affinity columns

DPBS-purified virus samples were diluted to 1.5x109–3x109 viral genomes per column in 120–400 µL binding
buffer, ensuring at most a 1:5 ratio of iodixanol to binding buffer (20 mM sodium phosphate, 500 mM NaCl,
20 mM imidazole, pH 7.4). Samples were heated to the specified temperature for 30 minutes and applied
to a His SpinTrap nickel spin column (GE Life Sciences) after equilibrating with 600 µL binding buffer. All
spins were performed at 100 x g for 30 s. Samples were washed with 600 µL binding buffer and eluted with
200 µL elution buffer (20 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole, pH 7.4). Viral titers
for the samples from the load, wash, and elution fraction were determined using qPCR and normalized to
the total amount recovered.

2.5.8 Statistical analysis

Correlations between VNP characteristics were determined using Pearson correlation analysis in GraphPad
Prism to compare data from all VNPs that formed at titers sufficient for nickel column analysis. Pearson
correlations are computed as:

r =

Pn
i=1(xi � x̄)(yi � ȳ)pPn

i=1(xi � x̄)2
pPn

i=1(yi � ȳ)2

Capsid assembly is defined as genomic titer normalized to a 10-plate prep (i.e. titers from one-plate preps
are multiplied by 10). Genomic protection is defined as the percentage of genomes protected after benzonase
treatment. Activation Index is defined as the difference in binding at the peak activation temperature and
at RT.
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Developing an Adeno-Associated
Virus-Based Protein Display Platform
for Modular Delivery of Gene Editing
Machinery

‡

Adeno-associated virus (AAV) has emerged as a promising vehicle for the delivery of gene-editing ma-
chinery, primarily due to its nuclear entry ability and low immunogenicity. However, AAV’s genomic carrying
capacity (4.7kB) is too small to package the well-characterized Streptococcus pyrogenes Cas9 (spCas9) gene
along with standard promoters. AAV can fully package smaller Cas9 variants, but no room is left to spare
for repair DNA templates. Additionally, AAV-delivered transgenes can persist episomally in cells for several
years, resulting in prolonged Cas9 expression and increased off-target editing. To resolve these concerns, we
have developed an AAV-based delivery system displaying Cas9 protein on the surface of the capsid. This
delivery approach will result in transient presence of Cas9 in target cells limiting off-target editing, and free
up space within the AAV capsid for repair template delivery and inclusion of reporter genes.

To attach Cas9 to the surface of AAV, we have functionalized the AAV capsid and Cas9 proteins with
coiled-coil binding motifs. These motifs exhibit specific heterodimerization, allowing for AAV and Cas9 to be
synthesized separately and avoiding the need for a combined purification protocol. We have established that
both Cas9 and AAV retain their structural and functional properties with these coiled-coil motifs attached
through gene editing activity and infectivity assays. Successful Cas9 attachment to AAV is demonstrated
through column chromatography. The Cas9-AAV assemblies are currently being characterized to determine
the copy number of Cas9 proteins bound per viral capsid. Cas9-AAV will be evaluated for infectivity and
genome editing capacity in vitro and screened for immunogenicity through serum neutralization assays.
Finally, this platform will be tested for in vivo genome editing in a mouse model. This coiled-coil display
approach is modular and versatile in design, allowing for the display of multiple proteins in addition to
Cas9. In the future, our engineered AAV-protein display platform may be used to create multifunctional
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Protein Display Platform for Modular Delivery of Gene Editing Machinery. Nicole Thadani, Joanna Yang, Ciaran
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viral therapeutics capable of targeting tissues and delivering a variety of functional protein domains.

3.1 Introduction

Viruses are naturally-occurring nanodevices, evolved to sense and respond to environmental cues triggering
delivery of their genomic cargo and self-replication [179]. Due to their innate strengths at protecting and
delivering genetic material, viruses are an ideal gene therapy delivery platform. Adeno-associated virus
(AAV) in particular has demonstrated potential as a gene therapy vector in clinical trials, due to its non-
pathogenicity and low immunogenicity [4]. Synthetic virology has emerged as a strategy for optimizing AAV
vectors, incorporating responses to novel environmental ‘inputs’ and delivery of non-native ‘outputs’ in the
form of genes or biomolecules. Efforts have primarily focused on altering AAV’s interactions with cellular
receptors to improve targeting and modifying capsid epitopes to reduce immune recognition [180–187]. We
have recently explored the AAV mediated delivery of non-genetic outputs to develop combination therapies
[188, 189]. Here, we incorporate coiled-coil domains as non-covalent linkers in the AAV capsid as a tool for
surface attachment of peptides and proteins.

Viral capsid protein attachment post-assembly has previously been attempted as a strategy for vector
retargeting [190]. An initial approach used a bispecific antibody to bind both the AAV capsid and a cell-
specific receptor found on human megakaryocytes [191]. Subsequent platforms conducted biotinylation of the
AAV capsid for coupling with avidin-fusion proteins. Both non-specific biotinylation and specific metabolic
biotinylation of small peptide insertions were used to attach a variety of targeting ligands and probes [192–
194]. Biotinylation creates a modular capsid binding site capable of picomolar binding affinities, but attached
proteins must be conjugated to streptavidin or avidin, large domains that may interfere with protein folding or
function. Chemical conjugation approaches have also been applied to the AAV capsid, both non-specifically
on surface-exposed lysines and at specific sites introduced using unnatural amino acids [188,195–197]. These
approaches have been used to attach targeting moieties and probes as well as chemotherapy drugs and nucleic
acids. However, chemical conjugation reactions must be optimized to achieve high yield and frequently utilize
catalysts that are not biocompatible, requiring additional purification steps [198,199].

We developed a coiled-coil based binding platform for non-covalently linking proteins to the surface of
the AAV capsid (Velcro-AAV). First postulated by Francis Crick and Linus Pauling, coiled coils are an
ubiquitous biological motif, appearing in fibrous proteins, signal transduction cascades, membrane binding
interfaces, and genomic DNA transcription factors [200,201]. Coiled-coil motifs consist of a bundle of ↵-helix
domains wound into a periodic superhelix, with tight packing of the residue sidechains. The prototypical
coiled coil consists of repeating heptads with hydrophobic domains stabilizing the superhelical structure and
charged residues facilitating electrostatic interactions between ↵-helices [202,203].

Our platform uses the E3/K3 engineered leucine zipper pair, designed de novo by Litowski and Hodges
based on principles gleaned from the study of naturally-occurring leucine zippers and optimized for maximum
binding affinity, ease of purification, and shorter length [204–207]. This construct and similar leucine zippers
have been widely adopted by protein engineers due to their small size and nanomolar binding affinity [208].
Their de novo design also reduces the potential for cross-talk with native signalling cascades. These zippers
have the unique property of denaturing under endosomal pH, allowing for intracellular release of cargo [209].

Leucine zippers have previously been utilized for a diverse range of applications in protein engineering
and delivery. Zippers have been used to attach fusion protein components after synthesis in cells and
functionalized with cysteines to covalently link protein pairs [210,211]. Leucine zippers have also served as the
linker between components of gold, protein, and polymer delivery vectors [212–217]. Some delivery systems
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have capitalized on stimulus-responsive properties of leucine zippers to trigger nanoparticle aggregation or
targeted drug release in response to environmental pH or temperature [218–221]. Researchers have also
utilized leucine zippers to generate and interact with signal transduction components at the cell surface,
triggering lysosomal uptake or aggregating transmembrane proteins to induce apoptosis [222–224]. Through
these studies, researchers have demonstrated the modularity and biocompatibility of leucine zippers, along
with their many advantageous properties as connectors in delivery vectors.

Here, we describe a surface-attachment system for AAV that uses a relatively small genetic insertion
to facilitate attachment of potentially large proteins post-viral assembly. This approach is most useful for
the modular attachment of large proteins that may disrupt capsid formation if inserted genetically, toxic
proteins that may damage producer cells, or delicate proteins that are unlikely to retain activity when
purified along with the AAV capsid. For example, antibodies and other large targeting moities may be
attached to the capsid for modular retargeting to cell types without known small-peptide receptor ligands.
Large proteinaceous cargo may also be tethered to the capsid surface, leaving the capsid interior space
available for co-delivery of genetic material. Gene editing machinery in particular may benefit from this
platform, as expression cassettes of the requisite proteins often exceed AAV’s 4.7 kB genomic packaging
limit, and the virus’s genomic cargo space may be used to encode nucleic acid components of these systems.

CRISPR/Cas9 is a gene editing platform composed of a Cas9 nuclease guided by RNA that induces
double-stranded breaks (DSBs) at precise locations in DNA [225]. Derived from a bacterial defense mecha-
nism, the CRISPR/Cas9 system has found widespread use as a gene editing tool due to ease of retargeting
through modification of the 20-bp guide RNA [226]. DSBs induced by CRISPR/Cas9 are then fixed through
cellular DNA repair mechanisms. Non-homologous end joining (NHEJ) introduces insertion/deletion muta-
tions disrupting gene function, while homology-directed repair (HDR) can be used to insert a desired gene or
fragment from a co-delivered donor template [227]. CRISPR/Cas9 delivered as genetic material has treated
neurological, muscular, and retinal diseases in animal studies [228–230]. However, persistent expression of
Cas9 poses safety concerns due to the potential for off-target genome editing [227, 231]. An alternate ap-
proach is the delivery of Cas9 protein, either coupled to guide RNA as a ribonucleoprotein (RNP) or with
guide RNA delivered separately. This strategy has been demonstrated to reduce off-target gene editing due
to the transient presence of Cas9 protein before degradation [232]. Several vehicles have been explored for
Cas9 protein delivery in cell culture and for local delivery in vivo. To overcome the challenge of cell entry,
RNPs have been coupled with cell-penetrating peptides, enclosed in lipid coats, viral coats, or liposomes,
tethered to gold nanoparticles, or delivered as naked RNPs through electroporation [232–237]. As a proof-of-
concept, we are applying our Velcro-AAV platform to the delivery of Cas9 protein and guide RNA, both in
RNP form and with guide RNA delivered in the viral transgene. This approach extends AAV’s well-studied
cell targeting and native nuclear entry properties to the Cas9 system, while avoiding potential concerns from
the long-term expression of gene editing machinery delivered as a viral transgene.

3.2 Results

3.2.1 Design of Velcro-AAV VNPs

We developed a surface-attachment platform for AAV based on leucine zipper coiled-coil heterodimerization.
The Velcro-AAV9 concept allows for modular attachment of protein components to the AAV capsid post-
assembly (Figure 3.1A). To facilitate this, we designed genetic modifications to the AAV9 cap gene to
incorporate a leucine zipper peptide motif after residue G453, a site previously demonstrated to tolerate
insertion of small peptides and to result in surface-display [238]. We selected an engineered leucine zipper
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Figure 3.1: Design of Velcro-AAV platform. A) Schematic of Velcro-AAV system. The leucine zipper is
inserted into the capsid in a loop conformation. Assembled viruses are enterokinase-digested to linearize the
motif, making it available to bind to peptides and proteins incorporating a complementary leucine zipper
heterodimer pair. B) Plasmids used to assemble Velcro-AAV. Leucine zipper sequences were inserted after
residue G453 in the AAV9 cap gene, along with spacers (green) and an enterokinase recognition sequence
(orange). Start codons for VP1 and VP3 were replaced with CTG. These modified E3 and K3 plasmids were
co-transfected with AAV9 VP1/3 to assemble mosaic capsids.

motif with a short three-heptad (21 residues) sequence optimized for maximum stability [207] and designed
peptide inserts for the K3 and E3 components of the heterodimer. As G453 occurs in the middle of the
VP3 protein sequence, insertions at this point take on a loop conformation. To linearize the zipper, we
incorporated an enterokinase digestion motif at the C-terminus of the zipper sequence. Enterokinase is
an intestinal enzyme involved in digestion that has found use as a method for removing affinity tags from
proteins post-purification [239, 240]. We also included GGS linkers to increase flexibility of the insertion,
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facilitating VP folding and virus assembly [241, 242]. As capsid inserts have the potential to interfere with
viral assembly and function, we used a mosaic capsid design to incorporate leucine zipper inserts on a fraction
of capsid subunits. AAV typically assembles with the capsid subunits VP1, VP2 and VP3 incorporated in
a 1:1:10 ratio [5]. In our design, inserts were incorporated in a modified AAV9 VP2-only plasmid. We then
assembled Velcro-AAV through co-transfection of AAV9 VP1/3 and modified E3 VP2 or K3 VP2, with the
aim of incorporating zippers on approximately 1/12th of capsid subunits (Figure 3.1B).

3.2.2 Characterization of Velcro-AAV9 VNP assembly, zipper incorporation,

genomic protection, and transduction

Figure 3.2: Characterization of Velcro-AAV formation, stability, and transduction. A) Genomic titers of
1-plate virus preps of E3 and K3 Velcro-AAV. Titers are expressed in terms of viral genomes per mL and were
determined using qPCR. wtAAV9 is included as a control. N=3 independent virus preps, error bars SEM.
One-way ANOVA was performed with Dunnett’s post-hoc multiple comparison test to compare Velcro-AAV
to WT. **p<0.01 B) Western blot of enterokinase and sham-treated samples. Purified viruses were treated
with enterokinase or sham, denatured, and components analyzed on a western blot using B1 antibody. B1
antibody recognizes an epitope present in the C-terminus of all VPs. C) Benzonase genomic protection assay.
Velcro-AAV samples pre- and post-enterokinase digestion were treated with either benzonase or sham buffer
and the fraction of genomes remaining in benzonase-treated samples as compared to sham was quantified
using qPCR. N=1 independent experiment (Repeats in progress). D) Transduction Assay. Cho-lec2 cells
were transduced at an MOI of 5000 with Velcro-AAV. Transgene expression was measured by flow cytometry
at 48h post-transduction. Transduction index (the product of %+GFP cells and geometric mean fluorescence
intensity) is reported relative to wt. N=3 independent experiments, error bars SEM. One-way ANOVA was
performed with Dunnett’s post-hoc multiple comparison test to compare Velcro-AAV to WT. **p<0.01,
***p<0.001
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Velcro-AAV capsids were assembled using 4-plasmid transfection, purified, and quantified. AAV9-E3
and AAV9-K3 form at 25% of wt AAV9 titers (Figure 3.2A). These reduced titers are comparable to the
wt titers of other AAV serotypes with lower production yield than AAV9 [243]. Assembled capsids were
digested with enterokinase or sham, resultant capsids denatured, and constituent proteins visualized on a
western blot (Figure 3.2B). AAV9-E3 and AAV9-K3 both incorporate modified VP2-LZ proteins, as designed.
Additionally, these viruses contain some modified VP3-LZ proteins, as indicated by the faint band directly
above the VP3 band in sham-treated lanes. This is likely due to leaky transcription from the CTG codon used
to replace VP3 start codons in the VP2-LZ plasmids, as previously observed with other genes in mammalian
cells [244]. After digestion with enterokinase, the VP2-LZ and VP3-LZ bands disappear and the C-terminal
cleavage product appears (predicted mass is 32 kDa), indicating complete digestion. Digested capsids were
assayed for genomic protection against benzonase to determine if enterokinase treatment reduced capsid
structural integrity (Figure 3.2C). In preliminary results AAV-E3 and AAV-K3 exhibit approximately 100%
genomic protection, similar to wt, regardless of enterokinase treatment. Digested capsids were also screened
for their ability to transduce cells (Figure 3.2D). Cho-lec2 cells were transduced with AAV-E3 and AAV-K3
treated with either enterokinase or sham buffer. AAV9-E3 exhibits a 50% drop in transduction index, while
AAV9-K3’s transduction index is not reduced as compared to wt. These results are cell-type specific, as
AAV9-E3 post-enterokinase digestion exhibited comparable transduction to wt AAV9 in human umbilical
vein embryonic cells (HUVECs) (Figure 3.3). While AAV9-E3’s transduction is not impacted by enterokinase
digestion, AAV9-K3 shows a slight reduction in transduction post-enterokinase digestion.

Figure 3.3: Velcro-AAV E3 transdution of HUVEC cells. Human umbilical vein embryonic cells were
transduced at MOI 100,000 with wt AAV9, AAV9 E3 (Ek digested), and AAV9 E3 (Ek digested) + com-
plementary K3 peptide. Transduction index is reported relative to wt. N=3 independent experiments, error
bars SEM. One-way ANOVA was performed with Dunnett’s post-hoc multiple comparison test to compare
AAV9-E3 to WT - no significant differences were detected.

3.2.3 Velcro-AAV zipper binding

To determine if Velcro-AAV exhibit binding to their complementary zippers, we developed an assay based
on nickel affinity chromatography. We designed leucine zipper peptides with C-terminal His6 tags. AAV9-
E3 was incubated with the K3-His6 peptide and AAV9-K3 was incubated with the E3-His6 peptide for 30
minutes at RT. Virus binding to a nickel affinity column was then quantified using qPCR.



53
CHAPTER 3. DEVELOPING AN ADENO-ASSOCIATED VIRUS-BASED PROTEIN DISPLAY

PLATFORM FOR MODULAR DELIVERY OF GENE EDITING MACHINERY

We hypothesized that the Velcro-AAV would bind to complementary leucine zipper peptide, which would
in turn bind to the affinity column through its His6 tag. AAV9-E3, when incubated with 300,000x copies of
K3-His6 peptide, leads to almost 80% of capsids binding the column. However, a lower peptide concentration
(3,000x) is not sufficient to induce virus column binding. At all peptide concentrations, wt AAV9 does not
exhibit column binding, suggesting that this behavior is due to the interaction of the leucine zipper pair
(Figure 3.4A). In this assay AAV9-K3 does not exhibit column binding — almost all virus is recovered in
the flow through and wash fractions (Figure 3.4B). In subsequent studies we focused on AAV9-E3 due to
these binding results.

Figure 3.4: Characterization of Velcro-AAV interaction with complementary zipper peptides. Velcro-AAV
were incubated with complementary his6-tagged peptides (either 3,000x or 300,000x) for 30 minutes at RT,
then the mixture was loaded on to nickel columns and the fraction of total virus eluted in the flow through,
wash, and elution fractions was quantified via qPCR. N=3 independent experiments, error bars SEM. Two-
way ANOVA was performed with Dunnett’s post-hoc multiple comparison test to compare mutants to WT
with 300,000x K3 peptide in each wash fraction. ***p<0.001

3.2.4 Design and functional characterization of zipper-modified Cas9

To design a zipper-tagged spCas9, we incorporated leucine zippers at either the N- or C-terminus of the cas9
gene. We transfected HEK293T cells with these variants and guide RNA, then assayed for genome editing
using the T7E1 assay. T7E1 endonuclease cleaves at mismatches in dsDNA, so mismatches introduced by
NHEJ to repair Cas9-induced DSBs can be detected through gel electrophoresis. All variants exhibited
genome editing comparable to wt Cas9, although the N-terminal K3 variant shows a slight reduction in indel
frequency (Figure 3.5). The N-terminal K3 variant was selected for further analysis, as AAV-E3 displays
the E3 zipper with a free C-terminus and the E3 and K3 zipper components bind in parallel, so K3N-Cas9
would theoretically bind to AAV-E3 with minimal steric hindrance [209].

To determine K3N-Cas9 affinity for AAV-E3, we used a nickel affinity chromatography assay. AAV-E3
was incubated with K3N-Cas9 with a C-terminal His6 tag at 37 °C for 30 minutes. The mixture was then
loaded on to a nickel column, and bound virus quantified using qPCR. 60% of AAV9-E3 is bound to the
column when incubated with 300,000x K3N-Cas9, indicating that K3N-Cas9 and AAV-E3 exhibit binding
(Figure 3.6). This interaction is not detected with the wt AAV9 virus, suggesting that this interaction is
zipper-mediated. Lower concentrations of K3N-Cas9 protein do not result in AAV9-E3 column binding.
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Figure 3.5: Leucine-zipper tagged spCas9 activity. Leucine zippers were inserted at the N- or C-terminus
of Cas9. LZ-Cas9 were assayed for editing capacity by the quantification of insertions and deletions using a
T7E1 assay. A) T7E1-digested DNA. Fragments (arrows) indicate genome editing at the targeted site. B)
Quantification of % gene modification using ImageJ. N=2 independent experiments, error bars SEM.

Figure 3.6: Quantifying the interaction between leucine-zipper tagged spCas9 and Velcro-AAV. AAV9-E3
was incubated with either 300,000 or 30,000 K3N-Cas9 copies per virus, then loaded onto a nickel column
and the sample flow-through, wash, and elution fractions quantified. The elution data shown is the sum of
3 elutions with 250mM, 500mM and 1M imidazole. N= 2 independent experiments, error bars SEM.

3.3 Discussion

To facilitate modular attachment of retargeting motifs and protein cargo to AAV, we integrated one half
of a leucine zipper heterodimer pair into the AAV9 capsid surface. Velcro-AAV capsids show a 3.5-fold
reduction in vector production although many other inserts at the same site have not impacted capsid
assembly and genome packaging [238]. Only one of the inserts previously tested at this site formed at
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reduced titers, approximately 25% of wt AAV9 [245]. Tolerance of the AAV capsid to insertion has been
demonstrated to vary with the size and sequence of insertion [46, 173, 246, 247]. The leucine zipper insert
is 38AA long, while the longest insert previously tested at this site is 32AA long. The AAV9-E3 insert
has a total charge of -6 and the AAV9-K3 insert has a neutral total charge, while previous inserts with no
impact on genomic titer have been negatively charged (-2 to -8) [245]. These reduced vector titers may
pose challenges in production scale-up. To mitigate this issue, the plasmid ratio of VP2-LZ and VP1/3 used
in vector production could be adjusted to reduce the number of zipper-containing subunits produced and
available for capsid incorporation. Alternatively, the VP2-LZ plasmid could be redesigned with a strong
start codon at VP2, which has previously been demonstrated to reduce VP3 expression [173], thus blocking
the leaky expression of VP3-LZ observed from this plasmid and reducing the total zipper-containing subunits
formed.

Velcro-AAV require an enzymatic digestion step to linearize the leucine zipper motif before attaching pro-
tein cargo. This digestion step does not appear to impact capsid integrity, as Velcro-AAV post-enterokinase
digestion exhibit genomic protection similar to wt AAV9. As this platform is further developed for in vivo
applications, it will be useful to determine if this enterokinase cleavage step has any impact on capsid stability
in response to varied pH or temperature conditions that may result in challenges for Velcro-AAV production
pipelines or long-term storage [248]. The two Velcro-AAV designs have different transduction capacities.
AAV9-E3 shows a reduction in transduction, while AAV9-K3 transduces cells similarly to wt AAV9. This
may be a charge-based effect, as the AAV9-E3 insert has an overall negative charge while the AAV9-K3
insert has a neutral charge. Negatively charged domains have previously been used to interfere with AAV9
galactose receptor binding at this insertion site [238,245]. Future designs of Velcro-AAV could mitigate this
effect by incorporating positive charges to neutralize the impact of the E3 zipper domain. Alternatively,
leucine zippers could be repositioned at the N-terminus of VP2, thus removing the need for enterokinase
digestion and insertion of the negatively charged enterokinase cleavage domain [173]. Insertions at this site
would also likely present on the capsid surface at a different location than the galactose-binding domain.

The AAV9 E3 construct is able to bind a K3-His6 peptide as observed in a nickel affinity chromatography-
based assay, but the AAV9 K3 construct does not show evidence of binding to an E3-His6 peptide. The
AAV9 K3 insertion may interact with the surrounding capsid, limiting its capacity for interaction with the E3
peptide. It is also possible that the E3-His6 peptide takes on a conformation that prevents interaction with
AAV9-K3 or with the nickel affinity column, potentially due to interactions between the positively charged
His6 domain and the negatively charged E3 domain. Although we observed AAV9 E3 binding to both the
K3-His6 peptide and K3N-Cas9 protein via the nickel affinity assay, 300,000x more peptide/protein than
virus was required to observe this interaction. These results may be due to the tendency of K3 peptide and
K3-fusion protein constructs to homo-oligomerize at high concentrations [209, 210]. We hope to optimize
peptide concentrations during binding as well as binding temperature and buffer to reduce the amount of
peptide/protein required.

3.4 Conclusion and future directions

To characterize the interaction of AAV9 E3 and K3N-Cas9, we plan to purify bound particles using nickel
affinity chromatography to remove free AAV9 E3, followed by centrifugal concentration with a 1,000 kDa
filter to remove free K3N-Cas9. The nickel affinity chromatography assay previously described established
that this approach will remove free AAV9 E3. To confirm that centrifugal concentration removes free K3N-
Cas9, we will conduct western blots to monitor free K3N-Cas9 in the flow-through. Purified bound particles
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will be titered and analyzed using a quantitative ELISA for Cas9 to determine the number of K3N-Cas9
bound to each AAV9 E3 capsid. Bound particles will also be assayed for infectivity through transduction
assays in Cho-Lec2 cells.

The utility of Velcro-AAV/Cas9 particles as a gene-editing platform will be determined by transduction
of HEK293 cells stably expressing GFP. We will quantify Cas9 activity both through the reduction of GFP
expressing cells quantified by flow cytometery, and the rate of insertions and deletions quantified by T7E1
assay. Additionally, we will screen a RNP platform where K3N-Cas9 is complexed with GFP guide RNA
before attachment to AAV9-E3. This approach removes the step of GFP guide transcription from the AAV
transgene, increasing the likelihood of successful editing.

The Velcro-AAV platform expands AAV as a delivery platform for proteins, RNPs, and peptides in
addition to genes. This approach may be used to develop combination therapies using both protein and
genetic material to treat challenging diseases. Additionally, Velcro-AAV can be functionalized with reporters
or with receptor-binding motifs, increasing the available toolkit for retargeting and monitoring gene therapy
vectors. Extensions of this approach may draw on prior research developing stimulus-responsive coiled-coil
motifs to promote the release of zipper-attached cargo at disease sites, or using cross-linking to strengthen
coiled-coil linkers for systemic in vivo delivery. Gene editing machinery is an attractive cargo for Velcro-AAV,
as this platform frees up vector cargo space to package template material for homology-directed repair and
avoids problems with drawn-out expression of gene editing machinery that may lead to off-target effects.
Our Velcro-AAV/Cas9 system may lead to the development of a safer and more efficient in vivo gene editing
approach.

3.5 Experimental

3.5.1 Cloning of Velcro-AAV constructs

AAV9 VP2 LZ constructs were created through modification of the pXR9 plasmid. NgoMIV and KasI
restriction digest sites were inserted after residue 453 in the AAV9 cap gene and extraneous restriction sites
removed from the backbone through site directed mutagenesis (SDM) using the QuikChange protocol with
Pfu Ultra polymerase (Agilent Technologies). To eliminate template DNA reaction mixes were digested with
DpnI (New England Biolabs). Similarly, start codons for VP1 and VP3 were removed using SDM.

K3 and E3 zipper inserts with enterokinase cleavage sites, spacers, and NgoMIV and KasI restriction
digest sites were designed and purchased as gBlocks (Integrated DNA Technologies). Backbone plasmid and
gBlocks were double-digested using NgoMIV and KasI (New England Biolabs) according to manufacturer
protocol. Reactions were heat-inactivated. The backbone plasmid was dephosphorolyated using antarctic
phosphatase (New England Biolabs) and gel purified using a Zymoclean gel DNA recovery kit (Zymo Re-
search). Inserts were purified using a DNA clean and concetrator kit (Zymo Research). Backbone and insert
fragments were ligated using T4 DNA ligase (New England Biolabs) according to manufacturer protocol.
Plasmid products were sequence-verified through an external vendor (Genewiz).

3.5.2 Virus production and purification

Velcro-AAV were created by a quadruple-plasmid polyethylenimine transfection in HEK 293T cells consisting
of 1) pXX6-80 helper plasmid encoding adenoviral helper genes, 2) pITR-iRFP(GFPguide) encoding an
RFP transgene and GFP guide RNA flanked by inverted terminal repeats, 3) VP1/3 (pXR9 with VP2 start
codon knocked out) and 4) VP2 LZ construct. After 48 hours, cells were lysed through 3 freeze-thaws, then
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treated with 50 units/mL benzonase nuclease (Sigma) and centrifuged to remove excess nucleic acids. The
supernatant was layered atop a 15%-54% iodixanol step gradient, and the tubes centrifuged at 48,000 rpm
in a Beckman Type 70Ti rotor for 105 minutes at 18 °C. Viruses were then extracted from the 40% iodixanol
layer and concentrated into gradient buffer (10 mM Tris, pH 7.6, 10 mM MgCl2, 150 mM NaCl) + 0.001%
pluronic F-68 (GB-PF68, Thermo Fisher) using Amicon Ultra 100 kDa centrifugal filters (EMD Millipore).

3.5.3 Virus quantification

Viral titers were quantified using quantitative polymerase chain reaction (qPCR). Viral capsids were dena-
tured in 2M NaOH at 75 °C for 30 minutes to release genomes. The mixture was then neutralized using 2M
HCl. Samples were diluted in ultrapure water and reactions prepared using SYBR Green PCR Master Mix
(Life Technologies) and primers targeting the CMV promoter. Serially diluted recombinant AAV transgene
was used to generate a standard curve. Samples were analyzed using a BioRad CFX96 qPCR machine and
absolute titers were calculated based on the standard curve.

3.5.4 Enterokinase digestion

Leucine zipper motifs in the AAV capsid were linerized through digestion with enterokinase. Virus was
incubated with either sham (20 mM Tris-HCl, 200 mM NaCl, 2 mM CaCl2, 50% glycerol, pH 7.2) or
enterokinase enzyme (Light Chain, NEB) in 2 mM CaCl2 at 23 °C for 24 hours. To remove enterokinase
from the virus digest, Pierce microcentrifuge spin columns (Thermo Fisher) were prepared with Trypsin-
inhibitor agarose beads (Sigma). Beads were prepared by flowing stripping buffer (0.1 M NaCl, 0.1 M
Formic acid) through the columns three times, followed by 1x GB-PF68. The virus-enterokinase reaction
was incubated with the Trypsin-inhibitor agarose beads on the column for 15 minutes with agitation, before
spinning at 2000 xg for 2 minutes to elute virus.

3.5.5 Western blot of virus capsid proteins

Viral capsid proteins were characterized using western blot to determine capsid composition and monitor en-
terokinase cleavage. Viruses were denatured with LDS sample buffer (NuPAGE, Life Technologies). Samples
were electrophoresed in 4-12% Bis-Tris gels (NuPAGE, Life Technologies) and bands wet-transferred to a
nitrocellulose membrane. Membranes were then blocked in 5% milk in PBS-T (137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, 2 mM KH2PO4, 0.2% Tween) and washed in PBS-T. Membranes were then incubated
in monoclonal mouse B1 primary antibody (1:50 dilution, American Research Products). Membranes were
washed, then incubated in HRP-conjugated goat anti-mouse IgG secondary antibody (1:2000 dilution, Santa
Cruz Biotechnology). Blots were then PBS-T washed and treated with LumiLight Western blotting substrate
(Roche Applied Science). Blots were imaged using a GE Healthcare ImageQuant LAS 4000 imager.

3.5.6 Benzonase genomic protection assay

Virus samples treated with sham or enterokinase were diluted 1/10 in endo buffer (1.5 mM MgCl2, 0.5
mg/mL BSA, 50 mM Tris, pH 8.0). Samples were divided into two 20 µL reactions and either 0.5 µL
benzonase nuclease (Sigma) or 0.5 µL sham buffer (50% glycerol, 50 mM Tris-HCl, 20 mM NaCl, 2 mM
MgCl2, pH 8.0) was added. Reactions were incubated at 37 °C for 30 minutes, then nuclease activity was
terminated through the addition of 0.0125 µM EDTA. Remaining genomes were quantified though qPCR
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and genomic protection was calculated as the ratio of genomes in benzonase-treated samples to genomes in
sham-treated samples.

3.5.7 Quantification of virus transduction

Viruses pre- and post-enterokinase cleavage were evaluated for their transduction abilities. Cho-Lec2 cells
were seeded on tissue-culture treated poly-l-lysine 48-well plates. At 70% confluency, cells were transduced
with virus in serum-free media at 5000 multiplicity of infection (MOI). Media was changed to media with
serum at 24 h after transduction. Cells were harvested at 48 h post transduction and analyzed through flow
cytometery (BD FacsCantoII). The transduction index (TI), a linear indicator of transduction efficiency, was
computed as the product of %GFP+ cells and the geometric mean fluorescence intensity (gMFI) [147].

3.5.8 Nickel column zipper binding assay

3E9 vg of amicon-purified Velcro-AAV were diluted in 120 µl binding buffer (20 mM sodium phosphate,
500 mM NaCl, 20 mM imidazole, pH 7.4) along with his-tagged complementary zipper peptide (purchased
from GenScript) or his-tagged Cas9 with complementary zipper. Samples were incubated at RT (peptides)
or 37 °C (K3N-Cas9) for 30 minutes. His SpinTrap columns (GE Life Sciences) were equilibrated with
binding buffer. All spins were conducted at 100 xg for 30 s. Samples were loaded on to the columns, then
columns washed with 600 µL binding buffer. Samples were eluted with four elution buffers with increasing
concentrations of imidazole (20 mM sodium phosphate, 500 mM NaCl, [100, 250, 500, 1000] mM imidazole,
pH 7.4). Each flow through was collected and viral titers determined using qPCR. Titers were normalized
to the total amount of virus recovered from the load, wash, and elution fractions.

3.5.9 Cas9 activity quantification

Modified zipper-Cas9 activity was assayed via plasmid transfection of zipper-Cas9 genes and guide RNA
using lipofectamine 2000 (Thermo-Fisher) into U2OS-EGFP HEK293T cells. Genomic DNA was harvested
using QuickExtract DNA extraction solution (Epicenter). PCR was conducted to amplify genomic loci and
amplified fragments cleaned using AMPure XP magnetic bead purification system (Agencourt). Amplicons
were denatured and reannealed, then digested with T7 endonuclease I as previously described [249]. Gels
were quantified using ImageJ and the area of peaks representing Cas9-induced cleavage fragments quantified
as a percentage of peaks representing total DNA in the undigested amplicons. This fraction was used to
calculate gene modification as previously defined (Equation 3.1) [250].

% gene modification = 100⇥ (1� (1� fraction cleaved)1/2) (3.1)
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Evaluation of Modeling Approaches to
Predict Formation and Function of
Genetically Modified Adeno-Associated
Virus Capsids
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Adeno-associated virus (AAV) is a promising gene therapy vector due to its efficient gene delivery proper-
ties coupled with relatively mild immunogenicity. To improve vector tissue- and cell-specificity and delivery
efficiency, researchers are implementing a variety of combinatorial and rational design-based strategies for
generating novel AAV-based vector libraries. Such mutational strategies frequently create large populations
of non-forming or non-infective variants that reduce the effective depth of these libraries, costing time and
resources through the screening process. We evaluated two different computational techniques that predict
the fitness of proteins for their effectiveness at screening AAV mutants in silico. These approaches may
facilitate the development of AAV capsid libraries with higher proportions of functional variants, acceler-
ating screening and identification of promising therapeutic candidates. The first computational tool, called
the frustratometer, uses thermodynamic modeling of protein structures to identify key regions facilitating
protein-protein interaction and structural transformation. We applied this approach to AAV2 and identified
candidate residues favoring assembled and disassembled states of the capsid. The second computational
strategy, called direct-coupling analysis (DCA), is a statistical framework based on the principle of residue
coevolution within proteins. DCA was used to make an additional set of predictions about the functional-
ity of these capsid mutations. We then experimentally quantified the impact of these mutations on virus
formation and transduction ability. Notably, the frustratometer-based metric shows some correlation with
virus formation, but a metric based on the collection of DCA parameters is highly correlated with virus
transduction ability, suggesting that global models of amino acid connectivity could be useful in predicting
AAV function in silico. Our results suggest that structure-based and coevolutionary computational models
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may be able to help elucidate the complex residue-residue interaction networks that are essential for virus
assembly and function — information that could accelerate the process of viral vector design in the future.

4.1 Introduction

Adeno-associated virus is widely favored as a gene therapy vector, currently tested in over 200 human clinical
trials internationally. AAV was recently approved by the US FDA as the first gene replacement therapy for
an inherited genetic disorder, in part due to the vector’s non-pathogenicity and generally benign safety
profile [2, 3, 5, 251]. AAV is an efficient delivery vector, capable of transducing both dividing and non-
dividing cells to produce sustained gene expression [252–255]. However, further improvements to the vector
are highly sought to enhance delivery efficiency in targeted cell populations, which would minimize vector
doses needed to achieve therapeutic effect and reduce production costs. Lower doses would also reduce any
dose-dependent immune responses against the vector itself, mitigating a potential safety issue in high-dose
applications [256–259].

To obtain optimal vector performance for a variety of disease targets, gene therapy developers may
select from the hundreds of AAV variants discovered through biomining efforts. Researchers have employed
a variety of design strategies to further engineer these AAV vectors for enhanced targeted delivery. Three
main approaches that have emerged are 1) rational design, 2) directed evolution, and 3) bioinformatics-
driven design. Rational design approaches may integrate protein components drawn from other biological
sources into the viral capsid to endow new capabilities upon the virus [15]. Directed evolution explores
the mutational space of the viral capsid by conducting rounds of mutation with tailored selection schemes
to achieve a new phenotype [186]. Bioinformatics-driven strategies have recently emerged as a method
drawing upon large datasets of AAV capsid information and applying computational models to accelerate
exploration of the viral fitness landscape to find functional variants with desired properties. Initial studies in
this space have yielded promising results, including AAV chimera populations designed using the SCHEMA
algorithm to minimize structural disruption, mapping of AAV capsid amino acids important for structure
and function using high-throughput analysis of large mutant libraries, and the development of ancestral AAV
vectors [260–264]. Here, we explore a series of data-driven computational approaches with varying degrees
of complexity for predicting the fitness of AAV capsid mutants with the future goal of incorporating these
in silico approaches into the AAV vector design pipeline.

Virus intracapsid interactions are governed by the same thermodynamic principles at play in all protein-
protein interactions. Protein-protein interaction is typically governed by weak non-covalent interactions,
such as hydrogen bonding, salt bridges, van der Waals forces, and hydrophobic interactions [265]. The pre-
dominant interaction in capsid assembly is burial of hydrophobic regions between capsid monomer binding
interfaces, which may be modeled as a mass-balance equilibrium [266,267]. We sought to capture these fun-
damental capsid interactions through a coarse-grained molecular dynamics approach for simulating protein
dynamics.

The frustration model is based on the energy landscape theory of protein dynamics [268]. For a protein
to fold robustly, rapidly and maintain a single native structure, it is necessary for the energy landscape
to take on a smooth, funnel-like shape, minimizing kinetic traps (Figure 4.1). This shape arises through
evolutionary optimization, reducing the number of favorable potential residue-residue contacts in the protein,
or “frustration” [269, 270]. This theory of minimal frustration does not preclude proteins from having some
degree of residual frustration, manifesting in non-zero entropy with multiple valleys at the base of the energy
landscape funnel [271]. This residual frustration may result from adaptations to facilitate protein allostery
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and multimeric interactions. Frustration can be computationally quantified using the frustratometer, which
draws upon coarse-grained modeling to simulate protein energy landscapes [272].

Figure 4.1: Protein folding energy landscape funnel. E is the solvent-mediated energy, and Q represents
the fraction of native contacts. Hydrogen bonds, tertiary signals and local signals contribute to the stability
gap, contributing to specific folding into a native structure. Reprinted with permission from [273].

Previous studies have shown that analyzing frustration patterns can provide insight on protein dynamics
and interactions. Frustration analysis of proteins that demonstrate allostery indicate known regions of
conformational shifting such as hinges are highly frustrated [270]. The frustration model has also been verified
as predictive in determining homodimer and heterodimer docking sites and intermediate state interactions
[274]. This model has also been applied to explore reaction mechanisms and intermediate conformations in a
variety of protein behaviors. Transition states in the allosteric pathway of IB mediated disruption of NF-B
DNA binding have been postulated using frustration analysis [275]. Here, we apply the frustratometer to
capture interactions required for AAV capsid assembly and stability and predict destabilizing mutations.
Studies drawing upon coarse-grained molecular dynamics modeling have previously captured viral assembly
pathways, suggesting that this approach may prove fruitful in understanding this crucial component of
engineered virus functionality. [276–280].

While thermodynamic interactions driving AAV capsid assembly and stability are crucial to viral func-
tion, AAV capsid proteins also interact with other viral components, helper-virus assembly proteins, and
host cellular factors to successfully form genome-packaging viral particles and transduce cells [6, 32, 34, 41].
These necessary capsid interactions, in addition to the energy landscape required for AAV capsid protein
folding and assembly, manifest as evolutionary constraints on the capsid proteins. For viral proteins these
constraints are particularly stringent, as the small size of viral genomes drives the development of multi-
functionality [281, 282]. These constraints result in pairs of capsid residues, such as residues in contact in
the virus’s assembled structure or residues that together interact with a cellular binding partner, exhibiting
correlation across sequences in a protein family [283, 284]. Such coevolution of protein residue pairs may
be quantified through statistical models to develop a map of the network of protein interactions underlying
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structure and function [285].
Coevolution modeling seeks to identify residues with structural or functional relationships within a pro-

tein through analysis of the protein sequence family. Direct coupling analysis (DCA) has emerged as a
prominent statistical framework for identifying direct physical interactions of protein residues from genomic
data [286–288]. DCA is a global maximum entropy model that infers the parameters of an energy function
with terms representing single-residue identity and pairwise couplings. By generating a global model of se-
quence families rather than a local model of each residue-residue interaction, DCA can isolate true interacting
pairs from secondary correlations that appear due to the intertwined networks of primary interactions. When
applied to a family of protein sequences, this model can produce ranked residue contact pairs as well as the
probability that a given sequence is a member of the sequence family [289]. DCA has accurately recapitulated
known structural contacts in a variety of proteins and intermediate protein structures [286,287,290].

DCA approaches were initially applied to the characterization of bacterial two-component system sig-
nalling networks, and the design of libraries predicted to enhance signalling [291–293]. More recently, DCA
approaches have shown promise in identifying interacting residues in protein oligomers [294, 295]. Coevolu-
tion approaches previously applied to viruses have correctly identified interactions between viral proteins,
but these models have not been evaluated for their ability to predict mutant virus functionality [296–298].
Here, we evaluate DCA’s ability to capture patterns that identify functional members of the parvovirus
family by predicting the formation and function of AAV mutants.

In this study, we applied the frustration model to AAV2 monomer and multimer assembly structures to
identify residues with large shifts in frustration index between these states. We then mutated these residues
to alanine and experimentally evaluated virus formation, thermal stability, and transduction. We compared
these experimental results to predictions from the frustration and DCA models – the frustration approach
shows promise for predicting aspects of mutant capsid structure and stability, while DCA may be useful for
predicting capsid transduction.

4.2 Results

4.2.1 Frustratometer analysis of AAV capsid

We applied the frustratometer to AAV2 to predict residues that favor either the assembled capsid structure
or the monomeric capsid protein. The AAV capsid consists of three capsid proteins, VP1, VP2, and VP3,
that assemble in a 1:1:10 ratio to form a 60-mer capsid. Cryo-EM resolved structures of AAV2 do not include
the unstructured VP1 and VP2 N-terminal domains, so this analysis focuses on the VP3 domain shared by
all three VPs that forms the exterior capsid structure. As the 60-mer capsid structure is computationally
intensive to analyze with coarse-grained modeling, a multimer assembly substructure was generated from
the 60-mer capsid structure by selecting the eight VP3 subunits within 4.5 Å of a central monomer (Fig.
4.2A). Then, mutational frustration was calculated for every possible residue interaction in the monomer
and multimer (Fig. 4.2B-C). The multimer structure contains more minimally frustrated residue pairs than
the monomer, particularly at capsid subunit-subunit binding interfaces. This corresponds with previously
observed shifts in frustration at protein binding interfaces related to the burial of hydrophobic protein
domains [299].

Single-residue mutational frustration indices (looking at the frustration of each residue, as opposed to
each residue pair) were also computed for the monomer and the multimer assembly. The AAV2 monomer
has 30.6% minimally frustrated residues and 8.1% highly frustrated residues, while the AAV2 multimer has
30.3% minimally frustrated residues and 6.6% highly frustrated residues. Both capsid subunit configurations
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Figure 4.2: Analysis of AAV capsid using mutational frustration. AAV was analyzed using the �-
Frustration Index metric, computed from applying the frustratometer tool to calculate mutational frus-
tration of the virus capsid’s monomer and multimer substructures. A: The AAV2 monomer (yellow) is
defined as one VP3 subunit. The AAV2 multimer is defined as the central monomer (yellow) and the eight
surrounding monomers (purple) containing a residue with any atom within a radius of 4.5Å around any of
the central monomer residues. The rest of the AAV capsid (grey) was not included in this analysis. Muta-
tional frustration of all possible residue interactions was computed using the frustratometer online tool for
the AAV2 monomer and multimer. Minimally and highly frustrated interactions were plotted on Cryo-EM
reconstructed structures of AAV2. B: Capsid residue interactions that are minimally (green) or highly (red)
frustrated in the AAV2 monomer are indicated by connecting lines with the protein backbone in dark grey.
C: Capsid residue interactions that are minimally (green) or highly (red) frustrated in the AAV2 monomer
are indicated by connecting lines with the protein backbone in dark grey and other subunits in light grey.
The capsid five-fold (pentagon), three-fold (triangle) and two-fold (circle) axes of symmetry are indicated.

have more neutral residues than a set of 314 monomeric proteins previously curated and analyzed from the
Protein Data Bank (PDB), which have on average approximately 40% minimally frustrated residues and >

10% highly frustrated residues [299,300].

Single-residue mutational frustration indicies of the monomer and multimer assembly were combined
to generate a �-frustration index. This change in frustration upon binding was previously computed for a
benchmark of assemblies of homodimers and their subunits curated from the PDB [301]. 25% of residues
generally found in protein-protein interaction domains exhibit an increase of approximately 1.5 single-residue
mutational frustration index units (or, a �-frustration index of 1.5) in the bound state while 7% of residues
exhibit a decrease in the single-residue mutational frustration index (or, a negative �-frustration index) [299].
However, in AAV2, the number of residues that undergo shifts in single-residue mutational frustration is much
smaller than observed in the homodimeric proteins studied previously [299]. Approximately 6.0% of residues
exhibit an increase in single-residue mutational frustration index in the multimer state greater than one unit
(�-frustration index > 1), while 3.7% of residues exhibit a decrease in single-residue mutational frustration
index by more than one unit (�-frustration index < 1)(Figure 4.3).

We hypothesized that this �-frustration index metric may highlight AAV capsid residues that shift in
frustration upon subunit-subunit interaction, indicating that they play key roles in stability of either the
monomer or the multimer assembly. By this logic, positive values of the �-frustration index indicate residues
that favor the multimer assembly state, while negative values indicate residues that favor the monomer state.
Interestingly, residues favoring the monomer state are prominent on the exterior surface of the capsid, while
residues favoring the multimer state are proximate to the interior surface (Figure 4.4A). In the cross-section
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Figure 4.3: AAV2 �-Frustration Index plotted against the monomer frustration index. Residues selected
for mutation are colored.

view, there are a high population of residues favoring the multimer as well as some favoring the monomer
clustered around the capsid five-fold pore.

We also compared the �-frustration index to other residue-level parameters. There was no correlation
with sequence conservation in the parvovirus family (Figure 4.4C). While there was no significant linear
correlation with residue distance from the capsid center, residues favoring the monomer are positioned
towards the exterior surface-exposed capsid domains, while residues favoring the multimer are positioned
towards the interior capsid surface (Figure 4.4D). There is a slight positive correlation (⇢=0.13, p=0.002)
between the number of inter-residue contacts, defined by a distance between the closest pair of atoms from
each residue < 4.5 Å and the �-frustration index (Figure 4.4E). When these contacts are broken up into extra-
subunit contacts (between pairs of residues found in different protein subunits) and intra-subunit contacts
(between pairs of residues in the same subunit), there is a slight positive correlation between extra-subunit
contacts and �-frustration index (⇢=0.12, p=0.006), but no significant correlation between intra-subunit
contacts and �-frustration index (Figure 4.6). Single residue frustration index values were also computed
for AAV serotypes 3-6, 8 and 9 using their solved structures. The �-frustration index is positively correlated
between all serotypes studied (Figure 4.5)) with the degree of correlation corresponding to the evolutionary
distance between serotypes [263].

A set of representative residues was selected based on the �-frustration index favoring the multimer,
favoring the monomer, or neutral towards either state. Based on the threshold identified in [299] �-frustration
index values > 1.5 were labeled as favoring the multimer. �-frustration index < 1.5 were labeled as favoring
the monomer. Six residues from the 14 residues favoring the multimer were selected randomly, and all four
residues favoring the monomer were selected. Five neutral residues were selected randomly from the 229
residues with �-frustration indices > �0.1 and < 0.1. Selected residues are depicted in Figure 4.4B. Selected
residues were experimentally mutated to alanine to evaluate their role in capsid formation, thermal stability,
and transduction efficiency.

In addition to frustration-based predictions, we used the associative memory, water mediated, structure
and energy model (AWSEM), a coarse-grained protein force field with both physical and bioinformatic terms,
to predict the change in energy (�E) of alanine mutants of selected residues in the monomer and multimer
states. We developed a ��E metric by subtracting the monomer �E from the multimer �E for each alanine
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Figure 4.4: AAV2 �-Frustration Index and residues selected for experimental analysis. Caption continued
on following page.
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Figure 4.4 (previous page): AAV2 �-frustration Index was computed as the difference between the
monomer and multimer frustration indices at each residue. Residues with a positive �-frustration Index are
predicted to favor the multimer structure, while residues with a negative �-frustration Index are predicted
to favor the monomer state. A: AAV2 Cryo-EM reconstructed 60-mer capsid structure colored according
to �-frustration Index. View of the capsid from outside (exterior), center slice (cross-section), and inside
(interior) are shown. B: Residues selected for experimental analysis. Residues favoring the multimer state
(6 residues, blue, �-Frustration Index>1.5), residues favoring the monomer state (4 residues, yellow, �-
Frustration Index<-1.5), and neutral residues (5 residues, gray, �-Frustration Index>-0.1 and <0.1) were
selected for further study. The capsid five-fold (pentagon), three-fold (triangle), and two-fold (circle) axes
of symmetry are indicated. Top subunit orientation shows the interior face of the VP3 subunit, whereas the
middle and bottom subunit orientation show the exterior face. C-E: �-Frustration Index for AAV2 capsid
residues are plotted against sequence conservation in the parvovirus family computed using shannon entropy
of reweighted sequences and normalized from 0 to 1, where 1 indicates full conservation (C), distance of the
residue from the center of the AAV2 capsid (D), and the number of contacts within 4.5Å of the residue (E).
Residues selected for mutation are labeled.

mutant. As a more negative �E value indicates greater energetic favorability, alanine mutants with a lower
��E score than wt are predicted to favor the multimer state, while alanine mutants with a higher ��E
score than wt are predicted to favor the monomer state. While frustration-based metrics make predictions
about the properties of the native residue, the ��E metric makes predictions about the alanine mutants
that we generated experimentally. We examined the correlation of this alanine-specific stability metric and
the �-frustration index with experimentally-derived measures of capsid formation and function.
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Figure 4.5: �-frustration indices for AAV serotypes 2, 3-6, 8-9. A) �-frustration indices are plotted
against AAV2 residue numbering based on a clustal omega sequence alignment of these serotypes. Serotypes
are organized according to phylogenetic relationships. B) Pearson correlations of the �-frustration indices
between AAV serotypes.
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Figure 4.6: Plots of the AAV2 �-Frustration Index against the number of extra-subunit (A) and intra-
subunit (B) contacts within 4.5Å of the residue.

4.2.2 Direct coupling analysis

We next applied direct coupling analysis (DCA) to make predictions about the fitness of the selected AAV2
alanine mutants. DCA is a global statistical model for capturing protein residue co-evolution derived from
a multiple-sequence alignment of a protein family — in this case we used the capsid protein of parvoviruses
drawn from Pfam (ID: PF00740) [287]. To evaluate this model’s accuracy in identifying important AAV2
capsid residue-residue contacts based on parvovirus family sequences, we plotted predicted residue-residue
contacts from DCA against known contacts defined as inter-residue distance < 4.5 Å in the AAV2 crystal
structure (Figure 4.7A). The overlap between some DCA-predicted interactions and some contacts identified
in the AAV2 capsid crystal structure, including contacts between residues that are distant in sequence space,
indicates that DCA captures some structural contacts as interacting pairs, so this analysis may also be able
to make accurate predictions about interacting residue pairs that are not structural contacts in the AAV
capsid.

We also investigated the DCA-derived Hamiltonian scores of the AAV2 capsid alanine mutants (HDCA(Ala)).
DCA generates a joint probability distribution that describes the probability that a given sequence is a
member of the characterized sequence family. This probability is log transformed to produce a unitless
quasi-energy hamiltonian [289,302]. Lower values of the hamiltonian correspond to sequences that are more
likely to belong to the characterized sequence family and thus more likely to be structurally and functionally
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Figure 4.7: AAV2 capsid residue-residue contact prediction by direct coupling analysis (DCA) and com-
parison of HDCA(Ala) to other residue parameters. Caption continued on following page.
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Figure 4.7 (previous page): DCA was applied to a multiple sequence alignment of sequences identified
as likely parvovirus coat proteins in NCBI. A: Predicted residue-residue contacts from DCA and residue-
residue contacts identified in the AAV2 capsid crystal structure are plotted on a contact map. DCA-
predicted contacts (red), structurally-determined monomeric contacts (blue), and structurally-determined
multimeric contacts (green and yellow) are plotted at the intersection of the two contacting residue’s AAV2
capsid sequence indices. B-D: Plots of the HDCA(Ala) score against sequence conservation measured in the
parvovirus family (B), distance of the residue from the center of the AAV2 capsid (C), and the number of
contacts within 4.5Å of the residue (D). Residues selected for mutagenesis are highlighted (large circles).
Other residues are depicted as small grey circles.

similar to the members of the sequence family. This hamiltonian term was computed for AAV2 sequences
with each residue position individually mutated to alanine and compared to other residue-level parameters.

HDCA(Ala) is correlated with sequence conservation within the parvovirus family(⇢=0.52, p<<0.001).
DCA generates a global model of the parvovirus sequence family and makes predictions of mutant fitness
based on the prevalence of residue identities and residue pairs identified from the sequence family. Therefore,
DCA is likely to predict that mutations of a residue that is highly conserved will be detrimental to fitness,
so this correlation is expected. While there is no linear correlation between HDCA(Ala) and residue distance
from the capsid center, residues at extremes of distance (exposed towards the interior face of the capsid
or the exterior surface) have a lower HDCA(Ala), suggesting that alanine mutations of these residues are
more likely to be tolerated than alanine mutations of residues buried in the capsid shell. HDCA(Ala) is
significantly correlated with residue-residue contacts (⇢=0.35, p<<0.001), suggesting that DCA is able to
accurately identify residue interactions in capsid proteins. When these contacts are broken up into extra-
and intra-subunit contacts, there is a positive correlation between intra-subunit contacts and HDCA(Ala)

(⇢=0.31, p<<0.001), but no significant correlation between extra-subunit contacts and HDCA(Ala) (Figure
4.8).
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Figure 4.8: AAV2 HDCA(Ala) plotted against the number of extra-subunit (A) and intra-subunit (B)
residue-residue contacts within 4.5Å of the residue.

4.2.3 Formation of AAV2 capsid alanine mutants

We mutated the selected AAV2 capsid residues to alanine and generated genome-packaging viruses (Figure
4.9A). Among mutants of residues favoring the multimer, four of six mutants exhibited decreased genomic
titers, while the remaining mutants exhibit titers comparable to wild-type (WT) AAV2 capsid. Among
mutants of residues favoring the monomer, one mutant (P657A) exhibits decreased genomic titers, while
the other three exhibit titers comparable to WT. Among mutants of neutral residues, two of five mutants
exhibited decreased genomic titer, while three exhibit titers comparable to WT.

We first plotted the virus production titers against basic metrics derived from the capsid structure and
an alignment of parvovirus family sequences. Mutant capsid assembly is significantly negatively correlated
with the number of residue-residue contacts made by the native residue in the capsid structure, i.e. the
greater the number of native contacts a residue has, the lower the yield of virus formed when that residue is
mutated to an alanine (Figure 4.9B). Additionally, virus production is significantly positively correlated with
the frequency of alanine residues observed at the native residue’s position in a multiple sequence alignment
of parvovirus family sequences (Figure 4.9C). In other words, if an alanine is found in a homologous capsid
position in many other parvoviruses, the alanine mutation in the AAV2 capsid is better tolerated and yields
higher virus production levels.

Mutant virus formation is not significantly correlated with the native residue’s �-Frustration Index
(Figure 4.9D), the predicted ��E of alanine mutants computed with AWSEM-MD (Figure 4.9E), or DCA-
based HDCA(Ala) scores (Figure 4.9F). However, there appears to be a general trend where mutants of
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Figure 4.9: Capsid assembly of alanine mutants. Selected residues were mutated to alanine and viruses
produced. Genomic titers of one-plate virus preps were determined through qPCR. A: Genomic titers of
alanine mutants expressed as viral genomes per mL (VG/mL). Mutants of residues favoring the multimer
are in blue, mutants of residues favoring the monomer are in yellow, and neutral residues are in gray. N=3
independent virus preps. Error bars are SEM. One-way ANOVA was performed with Dunnett’s post-hoc
multiple comparison test to compare mutants to WT - no significant differences were detected. B-F: Genomic
titers are plotted against number of residue-residue contacts in the native capsid structure (B), alanine
frequency in the parvovirus sequence family (C), �-Frustration Index (D), ��E of alanine substitutions
(E), and HDCA(Ala) (F). B-F: N=14 for structure-based analyses, N=12 for sequence based analyses as some
residues were excluded due to a high-gap frequency at their alignment position. Regression lines with 95%
confidence interval are plotted for significant correlations. R2 values and significance levels are reported
(*p<0.05, **p<0.01, ***p<0.001).
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residues with higher �-frustration Indices have higher ��E energies and reduced formation. Proline has a
unique secondary structure that can often result in challenges with predicting backbone angles in molecular
dynamics models [303, 304]. If the P657A mutant is excluded from this analysis, then virus formation is
significantly correlated with �-Frustration Index of native residues (R2=0.36*, N=13) and ��E of alanine
mutants (R2=0.30*, N=13) but not HDCA(Ala). The results thus far demonstrate that both the number of
residue-residue contacts and metrics derived from structure-based models (�-frustration index and AWSEM-
derived ��E) are somewhat related to capsid formation, but neither metric fully predicts assembly.

4.2.4 Thermal stability of AAV2 alanine mutants

Viruses that formed with sufficient titers for further analysis (>1010 VG/mL) were screened for thermal
stability through a genomic protection assay. Specifically, viruses were incubated at a range of temperatures
near the WT AAV2 melting temperature, which was previously reported as 72.4 °C [97]. The virus samples
were then treated with a nuclease to degrade any uncoated viral genomes. After nuclease inactivation, the
samples were then assayed for number of remaining genomes (i.e. genomes that are protected by an intact
capsid). Capsids that are thermostable at a particular temperature would effectively protect their genomes
against nuclease digestion. Most capsids exhibit thermal stability generally comparable to WT, with the
exception of the R471A and K527A mutants. These two mutants appear to lose genomic protection after
incubation at 66 °C, the lowest incubation temperature tested (Figure 4.10A). To further characterize these
mutants’ reduction in thermal stability, the melting points of these mutants were determined using a differ-
ential scanning fluorescence assay (Figure 4.11A). R471A exhibits a 6.8 °C decrease in melting temperature
and K527A exhibits a 3.5 °C decrease in melting temperature (Figure 4.11B).

Thermal stability at 68 °C was compared to various computational metrics of fitness as described above.
Virus thermal stability is not correlated with the number of residue-residue contacts made by the mutated
residue (Figure 4.10B) or with the frequency of alanine in an alignment of parvovirus sequences (Figure
4.10C). Thermal stability is, however, correlated with both the �-frustration index and the ��E of alanine
mutants predicted with AWSEM-MD. Interestingly, mutants of residues that are predicted to favor the
monomer by �-frustration index have lower genomic protection at 68 °C (Figure 4.10D). Similarly, alanine
mutants predicted to have a lower ��E between the multimer and monomer than WT, and thus predicted to
favor the multimer state more than WT, have lower genomic protection at 68 °C (Figure 4.10E). HDCA(Ala)

shows no correlation with capsid thermal stability (Figure 4.10F). These results indicate that metrics derived
from structure-based models (�-frustration index and AWSEM-derived ��E) may be useful in predicting
deficiencies in thermal stability by identifying capsid mutants that favor the multimer structure over the
monomer as compared to WT.
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Figure 4.10: Thermal stability of alanine mutant capsids. Viruses were exposed to various temperatures and
then assayed for genomic protection. Temperature-treated samples were incubated with benzonase or sham
buffer and genomes quantified using qPCR. A: Genomic protection after incubation at elevated temperatures.
N=3 independent experiments titered in duplicate. Error bars are SEM. Two-way ANOVA was performed
with Dunnett’s post-hoc multiple comparison test to compare mutants to WT at each tested temperature.
Percent genome protected is the fraction of genomes in the benzonase-treated sample as compared to the
sham-treated sample. B-F: Genomic protection at 68 °C plotted against number of residue-residue contacts
in the native capsid structure (B), alanine frequency in the parvovirus sequence family (C), �-Frustration
Index (D), ��E of alanine substitutions (E), and HDCA(Ala) (F). Regression lines with 95% confidence
interval are plotted for significant correlations. R2 values and significance levels are reported. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 4.11: Melting temperature of selected alanine mutant capsids R471A and K527A. The melting tem-
perature of selected capsids with reductions in thermal stability were determined using differential scanning
fluorescence. A: Derivative in fluorescence intensity with heating of capsids. Fluorescence increases upon the
binding of Sypro Orange to exposed hydrophobic pockets as capsids denature. Traces are the average of N=3
independent experiments. Lysozyme is included as a control. B: Melting temperature of capsids determined
as the peak of plots shown in panel A. N=3 independent experiments in duplicate, SEM reported. One-way
ANOVA was performed with Dunnett’s post-hoc multiple comparison test to compare melting temperatures
of mutants to WT. ***p<0.001

4.2.5 Transduction efficiencies of AAV2 capsid alanine mutants

Lastly, viruses were also screened for their ability to transduce HEK293T cells. Mutants of residues favoring
the multimer and residues favoring the monomer show a wide range of transduction levels, with some mutants
severely deficient in transduction and others comparable to WT (Figure 4.12A). Mutants of neutral residues
all showed transduction levels similar to WT. The number of residue-residue contacts (Figure 4.12B), the �-
Frustration Index (Figure 4.12D) and the ��E of alanine substitutions (Figure 4.12E) are not correlated with
virus transduction ability. As these models are derived from viral capsid structure, they do not incorporate
other interactions the AAV capsid must successfully undergo with its cellular environment to transduce cells.
The frequency of alanine in an alignment of parvovirus sequences is also not correlated with transduction
(Figure 4.12C). The HDCA(Ala) score, however, is highly correlated with virus transduction (Figure 4.12F).
Capsid alanine mutants that are predicted to have higher fitness in the DCA-derived model of parvovirus
coat protein sequences are more successful at genome delivery into host cells.
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Figure 4.12: Transduction ability of alanine mutant capsids. HEK293T cells were transduced with viruses
packaging scGFP transgene at an MOI of 1000, and transgene expression was quantified at 48h post-
transduction using flow cytometry. A: Transduction index of viruses. Transduction Index (TI) is the product
of % GFP+ cells and the geometric mean fluorescence intensity, the metrics obtained from flow cytometry.
N=3 independent experiments done in triplicate. Error bars are SEM. One-way ANOVA was performed
with Dunnett’s post-hoc multiple comparison test to compare mutants to WT. B-F: TI of alanine mutants
plotted against number of residue-residue contacts in the native capsid structure (B), alanine frequency in the
parvovirus sequence family (C), �-Frustration Index (D), ��E of alanine substitutions (E), and HDCA(Ala)

(F). Regression lines with 95% confidence interval are plotted for significant correlations. R2 values and
significance levels are reported. *p<0.05, **p<0.01, ***p<0.001.
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4.3 Discussion

We applied two computational approaches to infer energy functions for AAV based on either a coarse-grained
structural prediction model or a global statistical model of sequences in the parvovirus family. We generated
energies from these models and tested a series of AAV2 mutants to characterize the relationship between
these predicted energies and viral formation and function.

Single-residue frustration analysis of the AAV2 monomer structure indicated more neutral residues than
previously observed in the monomer domains of dimerizing proteins. Additionally, fewer residues undergo
shifts between the monomer and multimer state than previously observed in dimerizing proteins, and the
shifts are not particularly skewed towards minimal frustration in the assembly. Molecular dynamics models
of virus assembly have previously shown that interactions between viral subunits must be relatively weak
to permit viral assembly while avoiding kinetic traps due to malformed structures — this property may
result in a less dramatic shift towards minimal frustration upon binding than observed in smaller protein
assemblies [305, 306]. Residues that are more minimally frustrated in the multimer tend to occur on the
interior face of the capsid and have more contacts with other residues, suggesting that essential binding
interactions take place in these domains that are conserved across the parvovirus family [307]. Conversely,
residues that are more minimally frustrated in the monomer are more distal and surface exposed in the capsid
structure, and have less contacts with other residues. These residues may play a role in capsid interactions
with other proteins on the virus’s transduction pathway as opposed to intra-capsid interactions. Indeed,
mutation of R471 has previously been shown to reduce immune system interactions and K527 is known to
be proximal to the AAV2 heparin binding pocket, although mutation does not impact heparin binding [51].
The five-fold pore contains residues that show large shifts in �-Frustration in both directions. The five-fold
pore is known to facilitate virus genome packaging and extrusion of the capsid N-termini in response to the
endosomal environment, so it likely is a key point for structural transformations in the capsid throughout
its life cycle [43].

Direct coupling analysis produced interesting findings, despite the paucity of available parvoviral se-
quences. The direct coupling analysis joint probability distribution was inferred from an alignment of
parvoviruses with 125 effective sequences (Meff ), 2.2% of the 5577 starting sequences after re-weighting
sequences to account for sequence homology. A typical Meff is 1/2-1/3 of the starting count — however this
lower yield is to be expected as only 181 parvovirus sequences have been identified and the high number of
sequences in pfam are likely derived from isolates with small sequence variations [287,308]. While this Meff

is lower than the required number previously postulated to produce high rates of true positive contacts, the
inferred model shows promise in identifying both intra- and inter-subunit contacts in the AAV2 structure.
Predictions of HDCA(Ala) are moderately correlated with each residue’s number of contacts, again indicating
that the model has captured direct relationships between residues. HDCA(Ala) has a significant correlation
with intra-subunit contacts but not with extra-subunit contacts, which may be related to the strong con-
servation of the structural beta-barrel motifs within each subunit in the parvovirus family [180]. While the
�-Frustration metric appears to have a linear relationship with residue distance from the capsid center, the
HDCA(Ala) metric is low for both the closest and farthest residues from the capsid center. This indicates
that in the HDCA(Ala) model, residues buried within the protein shell are predicted to be less tolerant to
alanine mutation than interior- or exterior-surface exposed residues.

Formation of alanine mutant virions has a small correlation with both the number of residue contacts
observed in the capsid structure and the frequency of alanine residues in the parvovirus sequence alignment.
These results suggest that basic structural contact information can provide information about complete
virion formation, as well as residue frequency information drawn from a family of related sequences. The
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�-frustration index and ��E alanine substitution metric are significantly correlated with genomic titers
only if the P657A mutant is excluded from analysis, perhaps due to proline’s difficult-to-model secondary
structure. The HDCA(Ala) metric shows no correlation with viral formation. From this data, it is unclear
whether computational models provide more insight about viral formation than basic metrics derived from
known information about capsid structure and the parvovirus sequence family. No model appears to capture
formation fully, perhaps because these approaches do not consider any of the other known AAV and helper
virus proteins required for capsid assembly and viral genome packaging [6, 32, 34, 41]. These models may
potentially perform better in prediction of AAV2 VP monomer formation or capsid protein assembly as
opposed to complete genome-containing virion formation, as these intermediate steps in assembly require
fewer interactions with protein co-factors and genomic DNA [23].

While the majority of mutant capsids tested show no notable deficiencies in thermal stability, the R471A
and K527A mutants show significant decreases in melting temperature. This result is somewhat surprising,
as the �-Frustration metric indicates that these two residues are more minimally frustrated in the monomer,
so mutations would be expected to destabilize the monomer more than the multimer. The ��E alanine
substitution metric also predicts that these two mutant residues would result in increased stability of the
capsid assembly and decreased stability of the monomer. However, this result may may be due to the stability
of the capsid monomer playing a larger role in overall capsid thermal stability. Indeed, AAV capsids are
believed to melt at high temperatures due to denaturation of the capsid cooperatively, as capsid melting
temperatures are much higher than monomer melting temperatures [267]. This theory may be evaluated by
testing the melting point of mutant VPs synthesized in bacterial expression systems without other required
components for capsid assembly. Overall, AWSEM-derived metrics appear to have potential for identifying
residues that impact capsid melting temperature.

AAV transduction is a complex multi-stage process, requiring the capsid to interact with extracellular
receptors, escape the endosome, traffic to and enter the cell nucleus, and disassemble to release the transgene
for transcription [309]. The HDCA(Ala) metric is highly correlated with transduction. As the DCA approach
is based on a global model drawing on sequences from the parvovirus family, this model may better be able
to predict which mutated sequences are able to conduct needed environmental interactions to traverse the
virus’s infectivity pathway. Furthermore, pairwise residue-residue interactions appear to be essential to this
result, as the parvovirus family alanine frequency metric is not correlated with transduction. However, this
result is derived from the data of only six mutants. Eight mutants formed with titers sufficient for viral
transduction experiments, but the parvovirus alignment used for this study does not contain sufficient non-
gap sequences at positions R471 or S721 so HDCA(Ala) was not computed for mutants of these residues. The
DCA approach could be applied to a larger capsid single-mutant library using next-generation sequencing
technology to further validate this preliminary finding [262]. Additionally, DCA may be tested for its ability
to capture the performance of multiple-residue mutants.

AWSEM and DCA energy predictions were previously found to be highly correlated for protein monomers,
so the divergence in results observed in this study was surprising [289]. In the mutants analyzed, the AWSEM
monomer �E prediction actually has a high negative correlation with DCA, while there is no significant
correlation between the AWSEM multimer �E or the ��E metric (Table 4.1). This difference may be
attributable to the many roles of viral proteins in transduction. This may also be a function of viral capsid
metastability, as viruses must maintain stable structures to protect their genomes but then fall apart once
the cargo arrives at its intended intracellular destination [305].
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Table 4.1: Pearson correlations between HDCA(Ala) and monomer �EAla, multimer �EAla, and ��EAla

computed with AWSEM-MD. N=12 p<0.05:*, p<0.01:**, p<0.001:***

monomer �E multimer �E ��E

DCA Hamiltonian -0.81** 0.24 (n.s.) 0.053 (n.s.)

4.4 Conclusion

We have explored computational approaches for translating information about the AAV2 capsid protein into
predictions about viral mutant function. DCA has strong potential for predicting viral transduction, while
the frustratometer and predictions of the free energy of alanine mutants using AWSEM show some promise
in predicting viral stability. Both AWSEM and DCA capture features of the protein energy landscape —
while AWSEM directly models thermodynamics of the protein, DCA incorporates information from the
evolutionary pressures that have shaped all members of the sequence family to fold robustly and form
functional proteins. However, DCA also incorporates other constraints on evolution for protein function as
well as formation and stability. These two approaches have demonstrated similar trends in prior studies, but
in this case they appear to capture different information about capsid stability and function. This may be
due to the complex energy landscape of the metastable viral capsid or to the large number of protein-protein
interactions AAV encounters in its infectivity pathway.

In future studies, the strengths of these two approaches may be combined to create a more complete
model of AAV. AWSEM may be better able to capture AAV capsid metastability by considering the virus’s
monomer and assembly states as dual energetic basins in a structure-based model [310]. DCA-derived
contacts may be used to predict structure and capsid interactions for the unresolved AAV VP1 and VP2
N-terminal domains, which package inside the AAV capsid and then exhibit dynamic extrusion in response to
the endosomal environment during transduction [9]. Combined approaches using DCA to feed likely contacts
into structure-based thermodynamic models have identified binding domains of heterodimer pairs [311,312]
— this strategy may prove useful in identifying pairwise interactions between the AAV capsid and other
known binding partners, including those derived from the AAV genome, from helper viruses, and from
host cells. To validate trends noted here and refine the application of these models to AAV, larger-scale
mutational studies exploring a variety of mutation types are needed. This approach will ideally lead to the
development of an accurate in silico model of AAV, incorporating all interactions within the capsid and with
other proteins required for successful gene delivery. This model can then be used to pre-screen engineered
viruses, accelerating the development of optimized vectors for safer and more effective gene therapy.

4.5 Experimental

4.5.1 Identifying residue contacts within and between AAV2 capsid subunits

The high-resolution crystal structure of AAV2 (PDB ID: 1lp3) was visualized and analyzed in PyMol 2.2.0.
Residue contacts were identified as any pair of residues containing atoms within 4.5 Å of each other. Intra-
residue contacts were identified within an AAV2 subunit, while inter-residue contacts were identified between
AAV2 subunits.
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4.5.2 Frustratometer analysis of AAV capsid subunits

Using the crystal structure of AAV2, two types of constructs were created for analysis: a monomer form,
consisting of a single AAV2 capsid subunit, and an assembly form, consisting of a central monomer and each
monomer containing a residue with any atom within a radius of 4.5 Å around any of the central monomer
residues. The AWSEM-MD Frustratometer Server∗ with default parameters (sequence separation = 12 and
no electrostatics) was used to calculate the single-residue frustration index (F) of the monomer and assembly
structures [272]. The �F index was then calculated for each residue as Fassembly-Fmonomer [299]. This analysis
was repeated for AAV serotypes 3b, 4, 5, 6, 8, and 9 (Table 4.2).

Serotype PDB ID

AAV1 From Agbandje-McKenna group

AAV2 1lp3 [307]

AAV3b From Agbandje-McKenna group

AAV4 2g8g [313]

AAV5 3ntt [314]

AAV6 3oah [315]

AAV7 2qa0 [316]

AAV7 3ux1 [317]

Table 4.2: Structures of AAV serotypes used for computational analyses [300].

4.5.3 Computational alanine mutagenesis using AWSEM

To calculate the predicted change in energy between the monomer and multimer states for alanine mutants,
we applied the Associative memory, Water mediated, Structure and Energy Model (AWSEM), a predictive
protein coarse-grained model that combines terms from energy landscape theory and information from a
database of known protein structures. This integration of force-field modeling with bioinformatic protein
data allows for a powerful tool that can predict changes in protein structure. AWSEM is a learning algorithm
that uses training proteins to develop its prediction of the force field governing protein folding. This model
uses 3 beads, or spatial coordinates with physical properties, to represent each residue in its coarse graining.
The physical portion of the model focues on hydrogen bonding, hydrophobic interactions and water-mediated
interactions between hydrophilic residues. Bioinformatic data is used to bias the structure of sequence
fragments (9 residues or less) towards the structure of similar sequence fragments found in other proteins.
The energy function of this model is described in Equation 4.1.

VAWSEM = Vbackbone + Vcontact + Vburial + Vhelical + VFM (4.1)

The backbone energy (Vbackbone) incorporates information about protein chain structure. The contact
energy (Vcontact) describes tertiary residue interactions between residues that are at least 10 amino acids

∗
http://www.frustratometer.tk/
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apart, factoring in information about whether water or protein is the dominant factor in the local environ-
ment. The burial energy (Vburial) confers information about the tendency of residues to be buried (contacting
protein) or surface-exposed (contacting environment). The helical energy term (Vhelical) captures hydrogen
bonding that takes place in helical structures. Finally, the fragment memory term (VFM ) factors in informa-
tion from the RCSB PDB database about the structure of similar sequence fragments [318]. This fragment
memory term was used to predict changes in the structure of the AAV monomer and multimer upon alanine
substitution. The ��E of alanine substitution was then computed as described in Equation 4.2.

��Eala = VAWSEMMultimer � VAWSEMMonomer (4.2)

4.5.4 Alanine frequency in the parvovirus sequence family

NCBI sequences for the Parvovirus VP2 coat protein multiple sequence alignment developed using a hidden
markov model were extracted from Pfam (PF00740). The alignment contained 5577 sequences. Sequences
with gaps greater than 100 base pairs were dropped, and sequences with greater than 90% identity were
re-weighted as described previously [287], leaving 125.91 effective sequences. Columns in the alignment with
less than 40% non-gapped values were dropped from the analysis due to sparse data. The frequency of
alanine at each position was then calculated.

4.5.5 Direct coupling analysis of AAV2 capsid

Direct coupling analysis was applied to the preprocessed alignment described above to infer a global statistical
model of co-evolved residue interactions. DCA infers a joint probability distribution based on a maximum
entropy approach, with terms for single-position values (fields) as well as pairwise couplings [287]. Pairwise
couplings may be restricted to occur within a certain spatial residue distance based on the structure of a
given member of the sequence family [289]. From this distribution, the direct information parameter may
be computed for sequence pairs, providing the amount of mutual information attributable specifically to
the direct coupling between each pair [287]. Identified pairs above a certain threshold were plotted against
measured residue-residue contacts from the AAV2 structure to assess this approach’s ability to identify
residue interactions. The joint probability distribution was also used to calculate the probability PDCA that
a given sequence is a member of the characterized sequence family, and this probability was converted into
a unitless energy hamiltonian HDCA = logPDCA [289,302]. This hamiltonian term was computed for AAV2
sequences with each residue position mutated to alanine.

4.5.6 Site-directed mutagenesis of AAV2 cap gene

Site-directed mutagenesis of the AAV2 cap gene was performed to substitute selected residues with alanines.
The pXX2 plasmid containing the wtAAV2 rep and cap genes was used as the template [319]. Primers
containing the desired alanine mutations were designed using the QuikChange Primer Design Program†

and purchased from Integrated DNA Technologies, Inc. 18 cycles of PCR amplification were conducted
according to the QuikChange protocol using Pfu Ultra polymerase (Agilent Technologies). After cycling was
complete, template DNA was removed by digesting with DpnI (New England Biolabs). Resulting plasmids
were sequence-verified through an external vendor (Genewiz).

†
https://www.genomics.agilent.com/primerDesignProgram.jsp
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4.5.7 Virus production

Viruses containing the desired capsid mutations were prepared through a triple plasmid transfection of
HEK293T cells with the rep-cap encoding plasmid (pXX2 or pXX2-derived mutants), pSC-GFP (encodes a
self-complementary GFP transgene flanked by inverted terminal repeats), and pXX6-80 (encodes adenoviral
helper genes) using polyethylenimine (PEI). 48 hours post-transfection, cells were harvested and lysed by
three freeze-thaw cycles. 50 U/mL of benzonase (Sigma Aldrich) was added to the cell lysate to degrade free
nucleic acids and the mixture was centrifuged to remove cell debris. The supernatant was then loaded into
Quick-Seal Ultra Clear 25 x 89 mm centrifuge tubes (Beckman Coulter) containing a 15-54% iodixanol step
gradient. Tubes were sealed and spun at 48,000 rpm for 1 h 45 min at 18°C, and virus extracted from the
40% iodixanol layer. For the differential scanning fluorescence (DSF) assay, viruses were concentrated into
gradient buffer (10 mM Tris, pH 7.6, 10 mM MgCl2, 150 mM NaCl) using Amicon Ultra 100 kDa centrifugal
filters (EMD Millipore).

4.5.8 Quantification of viral particles

Viral titers were quantified using quantitative polymerase chain reaction (qPCR). Briefly, viral capsids were
denatured to release their genomes using incubation in 2M NaOH at 56 °C followed by neutralization with 2M
HCl. SYBR Green Power PCR Master Mix (Thermo Fisher) along with primers against the cytomegalovirus
(CMV) promoter were used to detect viral genomes. Samples were analyzed on the BioRad CFX96 qPCR
machine to obtain absolute titer values against a standard curve.

4.5.9 Benzonase thermal stability assay

Viruses were diluted 1/10 in endo buffer (1.5 mM MgCl2, 0.5 mg/mL BSA, 50 mM Tris, pH 8.0) and
incubated at the indicated temperature for 30 min. Samples were then split into 20 µL treatment fractions,
and treated with either 0.5 µL benzonase (1/10 dilution, 250 U/µL, Sigma), or sham buffer (50% glycerol,
50 mM Tris-HCl, 20 mM NaCl, 2 mM MgCl2, pH 8.0). Samples were incubated at 37 °C for 30 min and then
the benzonase was inactivated through the addition of 0.5 µL of 0.5 µM EDTA. Number of viral genomes in
benzonase and sham-treated fractions were then quantified using qPCR and genome protection calculated
as the ratio of genomes in the benzonase-treated fraction to the sham-treated fraction.

4.5.10 Differential scanning fluorescence (DSF) assay

Viruses were diluted to a concentration of 1012 viral genomes/mL in gradient buffer and 45 µL virus sample
was mixed with 5 µL 50x sypro orange (Thermo Fisher). Assays were conducted in a qPCR instrument
using a melt curve protocol ramping from 25 °C to 95 °C at a rate of 1 degree per min, with fluorescence
reads every 0.2 degrees. Lysozyme enzyme was analyzed as a control.

4.5.11 Quantification of virus transduction

HEK293T cells were seeded on 48-well tissue culture-treated poly-L-lysine coated plates approximately 24
h pre-transduction. At 95% confluency, cells were transduced with virus in media with serum at 1000
multiplicity of infection (MOI). 24 h after transduction, media was changed. 48 h after transduction, cells
were harvested for flow cytometry analysis on a BD FacsCantoII. Virus transduction ability was quantified
using the transduction index (TI), the product of %GFP+ cells and geometric mean fluorescence intensity
(gMFI). Transduction index is a linear indicator of viral transduction efficiency [147].



Chapter 5

Conclusions and Perspectives

The field of synthetic virology has drawn on the principles of synthetic biology to characterize viral and
exogenous components as biological ‘parts’. Ideally, these parts can be interchanged and combined in a
modular fashion to generate variants useful for gene therapy. The work in this thesis presents two strategies
for incorporating peptide and protein ‘outputs’ into AAV, and explores computational tools for predicting
the impact of capsid genetic modification on viral formation and function. These approaches expand the
synthetic virologist’s toolkit for incorporating functional elements from other areas of biology into the AAV
capsid, with the goal of accelerating viral engineering and broadening potential vector abilities.

Chapter 2 of this thesis describes the development of a peptide display platform based on AAV2’s
native stimulus-responsive display of nuclear localization signals and the PLA2 domain. Through generation
of capsid protein truncation mutants, we elucidated design rules for modifying the number of peptides
displayed as well as tuning activatable vs. constant display. The resulting engineered panel has variants
that decorate the AAV capsid with a large number of peptides, as well as variants that activatably extrude
peptides in response to temperature. In future work, this platform’s potential for cellular delivery can be
explored through the delivery of small bioactive peptides to intracellular and extracellular targets. A wide
range of peptides are known for interacting with cellular receptors — such peptides are a straightforward,
if not unique, application for this platform [181, 194]. Alternatively, we may consider peptides that exhibit
extracellular bioactivity, such as peptide hormones and opioid receptor agonists [320]. To test intracellular
delivery, we can focus on anti-cancer peptides that interfere with cellular metabolism and replication [320].
This peptide display platform may be further engineered for specific delivery applications. Activatable
display of peptides may prove beneficial for cancer targets, due to the unique tumor microenvironment [321].
However, to fully realize this potential, the stimulus threshold of activatable display will need to be optimized.
In the related parvovirus minute virus of mice (MVM), researchers have identified a capsid domain that,
when modified, alters the stimulus threshold of N-terminal peptide extrusion [322]. Mutation of this region
in activatable VNPs may generate a panel with different thresholds of N-terminal extrusion. This panel may
then be screened for extrusion at pH and temperature conditions biologically relevant for cancer therapy.
As designed, the N-terminal peptide display platform described here is not capable of gene delivery to the
nucleus, as variants lack VP1 and its essential endosomal escape and nuclear localization domains. To leverage
these vectors for combination peptide and gene therapy, this platform may be rendered transduction-capable
with the inclusion of VP1. Initial testing has shown that incorporation of VP1 can rescue infectivity to
15% of wild-type AAV2 but optimization may further improve performance. If this peptide display platform
exhibits delivery in vivo, it will provide a unique strategy for protecting peptides from degradation, and in
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the case of activatable variants, exposure to the bloodstream. This approach may allow the development
of next-generation combination therapeutics, combining the signal-transduction and targeting properties of
small peptides with gene delivery.

Chapter 3 of this thesis discusses the incorporation of coiled-coil domains in the AAV capsid to facilitate
modular attachment of peptides and larger proteins. This Velcro-AAV strategy avoids issues with the genetic
insertion of certain motifs, such as large proteins that may disrupt capsid assembly or toxic proteins that may
interfere with viral production. With this platform, both therapeutic cargo proteins and targeting motifs
may be attached to the capsid. As a potential use-case, we are currently testing this platform for the delivery
of CRISPR/Cas9 gene editing machinery. This mechanism of CRISPR/Cas9 delivery may reduce off-target
effects due to the transience of the delivered protein and allows for co-delivery of insertion templates or other
genetic motifs as viral transgenes. If this approach is successful in vitro, we will move forward with in vivo
testing. Potential challenges with in vivo application include recognition of exposed Cas9 by the immune
system and insufficient binding affinity of Cas9 to the AAV capsid for successful co-delivery. Additionally,
widespread delivery of this platform may result in significant off-target effects. To address these concerns,
we may further optimize this platform by coating Cas9 with lipids or polymers, covalently cross-linking the
bound coiled-coil domains, and incorporating previously-developed strategies for mitigating AAV off-target
delivery [211,238,323]. Successful in vivo editing will establish the velcro-AAV platform as a viable approach
for transient targeted delivery of combined protein/DNA therapies. The coiled-coil linker design may also
be useful in promoting dual-vector delivery, used in cases where the desired gene expression cassette is larger
than AAV’s packaging capacity. Vectors containing parts of the cassette may be linked using coiled-coil
motifs to increase the chances that all components of the cassette are delivered to target cells. This velcro-
AAV platform will allow synthetic virologists to consider a wider range of large proteins and structures as
potential viral components.

Chapter 4 of this thesis evaluates structure-based and sequence family-based computational approaches
for predicting the impact of single residue mutants on viral formation and function. We focused on the
frustratometer, a characterization of protein energy landscapes based on a coarse-grained modeling approach
and direct coupling analysis (DCA), a global statistical model that represents the evolutionary constraints on
a sequence family. From this pilot study, we found that the frustratomer has some utility for predicting capsid
formation and stability, while direct coupling analysis shows promise for predicting transduction. To validate
these conclusions, these models can be screened on a larger mutational dataset spanning the structurally-
resolved VP3 domain. In this subsequent analysis, we can test a wider range of mutation types to determine
if our results hold for non-alanine and multi-residue mutations. We also hope to refine our computational
approach to combine the best features of these models. DCA may allow researchers to identify the capsid
regions most likely to tolerate mutation without perturbing viral infectivity, while AWSEM’s integration
of structural database information could allow the model to predict the stability of large insertional capsid
mutations relevant for viral engineering. Previous integrations of these modeling frameworks have shown
promise in developing a complete picture of protein interactions and energetic states. This approach applied
to AAV may create an in silico model of the virus fitness landscape, allowing future synthetic virologists to
screen their designs and iterate concepts more efficiently.

In sum, this thesis has developed a series of platforms and computational screening tools to assist virus
engineers with incorporating peptides and proteins into the AAV capsid. Together, this toolkit promotes
the modular insertion of biological parts into the viral capsid with predictable impacts on virus formation
and function. In the spirit of synthetic biology, this work is a step towards the standardization of capsid
modification — a challenge given the multifunctional roles of capsid proteins in viral infection and replication.
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This approach will lead to opportunities in the integration of diverse proteins to develop biocomputing virus-
based therapies.
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