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Abstract:
Bioconjugation and Delivery of Cas9 RNPs
By
Marco Jackson Lobba
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Matthew B. Francis, Co-Chair

Professor Jennifer A. Doudna, Co-Chair

The advent of CRISPR based gene editing has transformed both basic scientific research
and the development of new medicines and treatments. These complex proteins promise
freedom to modify any gene at will but must be carefully delivered to prevent degradation or
off-target editing. This dissertation describes work to encapsulate Cas9 within the
bacteriophage MS2 protein scaffold, and later to modify the Cas9 protein itself to allow for
more efficient delivery and editing. Cas9 was successfully encapsulated within the MS2 VLP, but
showed high sensitivity to RNase degradation.

Towards the modification of the Cas9 ribonuclear protein, a novel protein modification
reaction using the enzyme tyrosinase was developed, enabling modification and delivery of
Cas9 using cationic delivery peptides. The tyrosinase reaction was further used to fuse a variety
of proteins to immunoglobulin derivatives including scFvs, nanobodies, and IgG1 Fc domains.
Cas9-immunoglobulin fusions were shown to induce tolerance in in vivo mouse model studies,
highlighting the potential of tyrosinase coupling to mediate Cas9 protein fusions. Prokaryotic
tyrosinases were explored for their potential as universal protein activators, of which the
tyrosinase from Bacillus megaterium showed exciting promise as a universal activator. Using
substrate charge preference data from the tyrosinase screens we were able to design charged
tyrosine tags that enabled sequential activation and coupling of protein trimers.



Dedicated to my parents Mary and Alex, and to all my friends without whom | could not have done this.
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Chapter 1. Delivery and modification of CRISPR Proteins

Abstract

The advent of CRISPR proteins in the past decade has been arguably the most impactful
scientific discovery of this author’s lifetime and has had a profound impact on biology,
healthcare, and even disease detection. The diversity and scope of CRISPR proteins is truly
staggering and new applications are being discovered daily, but the most highly lauded
application is their potential for gene editing. One of the greatest challenges to turning these
fundamental discoveries into therapies has been forcing these CRISPR proteins into cells in the
first place. The sheer size of the CRISPR affecter proteins, which range from under 800 amino
acids to over 2,000 and require an RNA guide, makes cellular entry a non-trivial matter as most
conventional methods of delivery break down at this scale. This review covers the discovery
and basic biology of the CRISPR systems and compares the various CRISPR proteins for their
suitability as gene editing scaffolds. We then discuss delivery methods for CRISPR proteins and
their benefits and drawbacks, before exploring protein modification as a means of screening
protein delivery.



1.1 The CRISPR system and CRISPR Biology

Gene therapy has emerged in the 21% century as a possible cure for many genetic
disorders with the advent of advanced genetic sequencing. The renewed interest stems largely
from a flurry of new methods that enable the precise modification of disease-causing genes
without altering the rest of the genome, a process commonly referred to as gene editing.? Prior
to the last decade, most proposed gene editing methods were either insufficiently specific for
therapeutic application as in the case of most naturally occurring endonucleases,?3 or required
significant engineering for each new target as in the case of transcription activator-like effector
nucleases (TALENS) or zinc finger nucleases (ZFNs). %245

In the 1980’s the first signs of a strange repeating sequence in the genome of various
bacteria was identified by Ishino el al.? It was not until the mid-2000s when several groups
showed that these Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) regions
actually contained fragments of phage genomes and the cluster was revealed to be a miniature
immune system with memory of past infections.”® Originally believed to be a form of bacterial
RNA interference (RNAi) which is used in eukaryotes to modulate gene expression. However,
examination of the flanking proteins near these CRISPR arrays soon revealed a complex system
involved in the targeting, cleavage, and capture of phage genomes.° CRISPR associated (Cas)
proteins come in a wide variety of sizes and shapes, each with a different function. Some of the
earliest identified CRISPR systems (Type | and Type lll) use a host of smaller proteins which
together in complex are able to bind, recognize and cleave a target DNA strand.'! However,
some of the most puzzling results came out of the Type Il CRISPR systems, which contained
exceedingly large proteins of unknown function. The Banfield lab at UC Berkeley was one of the
early pioneers in the field,'?** and a conversation between the two PlIs is what led the Doudna
lab to study the large Type Il effector proteins that would eventually lead to the CRISPR gene
editing platform.

In 2012 Martin Jinek found that Cas9 from Streptococcus pyogenes (SpyCas9) was
capable of cleaving a target strand of DNA based off of the target sequence in the CRISPR
array.'* He showed that Cas9 uses a two-component RNA: a structural CRISPR RNA (crRNA)
component which stabilizes the Cas9 protein, and a trans-activating crRNA (tracrRNA) that is
derived from the CRISPR array and determines the nuclease target.' It is now appreciated that
Watson-Crick base pairing is used to determine sequence homology of the interrogated DNA
strand with the 20 base long guide where sequence matching is required for nuclease activity,
and only limited mismatches are tolerated.*6-18 Martin’s work in the Doudna lab reengineered
the crRNA and tracrRNA into a single strand, known as the single guide RNA (sgRNA).** This
sgRNA can be expressed easily in vitro from a DNA oligomer.2 The great benefit of the CRISPR
gene editing system is that, rather than reengineering the effector protein for each new target,
one need simply alter the sgRNA to create highly specific cleavage sites anywhere within the
genome.

Nearly all CRISPR proteins also require a constant protospacer adjacent motif (PAM)
which helps to prevent cleavage of the host genome.1®1%20 pAM binding is required in addition
to guide RNA complementarity for nuclease activity and is encoded in the sequence of the
protein rather than the RNA. In SpyCas9 the PAM is the three base sequence NGG, where N



represents any base, which must be located 2 bases away from the start of the target
sequence.

The wildtype Cas9 protein from S. pyogenes is by far the most widely employed and best
studied version of this system, but many homologues have been discovered in similar
organisms with different PAM requirements and activities. Other, smaller versions, of Cas9
have been found recently, but few have been thoroughly vetted and so SpyCas9 remains the
most commonly employed tool.

More recently it has been appreciated that Cas9 might also contribute to acquisition
and trimming of the CRISPR sequences. A newly submitted manuscript by Jakhanwal et al.
shows the role of Cas9 in trimming candidate sequences to size for incorporation into the
CRISPR array. Interestingly, this activity is independent of the guide RNA target and requires
only the Cas9 HNH domain be active. The author is honored to have helped characterize
complexes of Cas1 and Cas2 with Cas9 in a recently submitted work that is cited here but will
not be further discussed.

Since 2012 a number of different Cas effector proteins have been discovered using data
on microbial communities collected by the Banfield lab and others. Many of these proteins
share the common feature with Cas9 of being a single protein capable of binding, recognizing,
and cleaving a target nucleic acid sequence, but vary in their structure enough to warrant new
characterization. Makarova et al have been diligent in cataloguing these new proteins which
have been designated Cas12, 13, and 14.2226 More recently, Cas® has even been discovered in
giant phage.?’

Most relevant between the various Cas proteins is their cleavage behavior. Cas9 always
uses both an HNH domain and a RuvC nuclease to create opposing cut sites with a blunt
terminus.?®2° In contrast, Cas12 uses a single HNH domain which cleaves the target strand and
then folds over to cleave the opposing strand.?3 This flexibility of cleavage typically results in an
overhang cleavage junction, typically considered preferable for homology directed repair of
genes. Also of interest is the family of Cas13 proteins which target RNA instead of DNA.?®

Another of the exciting discoveries from the microbial community databases has been
that of the antiCRISPR proteins. Used by phage to evade CRISPR destruction, these small
proteins were first identified in Pseudomonas aeruginosa in phage capable of replication even
in the presence of CRISPR systems.3? They have since been identified from genomes which held
self-targeting sequences in their CRISPR array which should render the host non-viable.3! This
contradictory nature implied the existence of proteins capable of mediating the activity of Cas
proteins. Since the first discovery of antiCRISPRs over 50 have been identified, affecting most
known Cas effector proteins.32 A number of Cas12-targeting anti-CRISPRs have been identified
with widely diverging mechanisms of action. This author was fortunate to have contributed to
the study of complexes formed from AcrVa4 on Cas12 and the unique dimerization effect found
in this class of anti-CRISPR.3334 These works are referenced here for the reader but will not be
further discussed.

1.2 CRISPR for gene editing
Cleavage sites can either be blunt ended or with an overhang. The difference between
the two has important ramifications for how they are repaired in eukaryotes. All eukaryotes



rely on two primary repair pathways for the remediation of double stranded breaks, Homology
Directed Repair (HDR) and Non Homologous End Joining (NHEJ).**3> In the presence of a
complementary template and dependent on a variety of factors including the bases
surrounding the cut site, cells can repair the cut in the DNA with no trace of the cleavage. HDR
is also favored in the case of overhang cut sites.3®3” This can be used to repair faulty genetic
sequences by providing a corrected template to repair off of which can result in a swap of faulty
bases. This has been further modified in the case of PRIME editing developed by the Liu lab,
where the repair template is included as an extension of the guide RNA and a DNA polymerase
is attached to the Cas9 to facilitate the repair.3® In contrast, NHEJ has no template to use for
repair, as a result the repair can produce insertions of 0, 1, or two bases. These insertions are
generally random and result in a frame shift mutation, disrupting the register of the gene,
effectively turning it off.3>39

Because NHEJ results in such disruptive mutations, one of the most important factors in
evaluating the potential of Cas proteins as therapeutics is the frequency of off-target activity.
Given the requirement of 20 bases and a PAM it is quite possible to identify single sites within
most genes that are not repeated elsewhere in the genome for targeting. The problem arises
from the fact that Cas9 has variable tolerance for base mismatches based on the position within
the target sequence.!® Generally speaking, mismatch tolerance is lowest near the PAM and
around the cleavage site, but increases towards the PAM-distal end of the target region.* Since
the tail of the target site tolerates mismatches there is a higher chance for off-target cleavage
events than might be assumed for the 20 base target provided by the RNA. Most importantly,
this means that certain targets may have higher potential for off-target cleavage based on their
similarity to other regions within the host genome.*42 A number of tools have been developed
to evaluate optimal target sites with minimal off-target capability, but the concern of cancer-
causing mutations and other deleterious effects remains one of the greatest hurdles to
widespread adoption of CRISPR based gene editing.

To minimize the potential for off-target cleavage a number of labs have made
modifications to Cas9 around the recognition site to improve the fidelity of the enzyme. In
general these modifications have focused on slowing down the cleavage step or keat of the
enzyme.'’ By slowing the rate of cleavage it is possible to ensure that only sites fully bound by
the guide RNA are cleaved, as off-target sites will generally be released prior to cleavage. Chen
et al have showed the benefit of targeted mutations around the DNA-RNA duplex formed
during target recognition and the improvements in specificity that these allow.!’ Interestingly,
only alanine substitutions have been thoroughly explored in these studies and a more thorough
screen of other amino acid substitutions would likely provide useful data and could yield Cas9
mutants with even greater selectivity.

1.3 Delivery of CRISPR therapeutics

Delivery in vivo is a daunting challenge for any therapeutic. Given the rapid degradation
of proteins and nucleic acid by the digestive system the major delivery approaches are through
inhalation or injection.*® Given the generally low efficiency of inhalation for delivery of protein
cargo it has not been thoroughly explored for CRISPR therapeutics and will not be further
discussed in this review, though it could prove attractive once the technology matures.** The



vast majority of biological therapeutics are given via injection which can be administered either
intravenously through the bloodstream or by direct injection to the target tissue.*>#®
Intravenous delivery allows for broader circulation of the therapeutic and can provide access to
regions that would otherwise be hard to target by direct injection.*’” Given the widespread use
of intravenous delivery it is generally the preferred approach due to ease and the ability for
patients to self-administer if needed. The primary challenge in delivering a therapeutic through
the bloodstream is the host’s immune system which is often highly efficient at clearing foreign
molecules from circulation.*®*° Even if a therapeutic can reach the target tissue, it must then
exit the bloodstream, bind, then enter the target cells.>>>! In contrast, direct injection is able to
provide a concentrated dose of the therapeutic to the site of interest, removing the need to
survive in the bloodstream and allowing formulation that focuses on targeting and entering
desired cells. The downside with this approach is that only the immediate area around the site
of injection is affected, requiring many injections or preventing complete coverage of the
desired tissue.>?

One alternate delivery approach that is widely considered in the case of CRISPR
therapeutics is ex vivo modification of cells. Where possible, this allows for removal of patient
tissue, modification, and screening before the cells are returned to the patient. This has the
benefit of ensuring that off-target edits will not compromise the modified cells.>3>* For ex vivo
delivery of both nucleic acids and proteins cationic lipid delivery, often complemented by
electroporation, is considered the gold standard. Lipofectamine and its various analogues
present an efficient cell entry platform, but the lack of specificity, rapid clearance from blood,
and potential toxicity have limited in vivo applications of this technology.>>>® However, the high
efficiency and ease of use mean that this technique is often used as a benchmark point of
comparison in delivery experiments.

Given the astounding size of most Cas proteins and the requirement for a highly anionic
RNA guide, delivery has been a major impediment to the development and study of CRISPR as a
gene editing platform. Approaches for CRISPR delivery can be divided into delivery of the
protein and RNA complex (RNP) and delivery of the nucleic acid sequence encoding the protein
and the requisite guide RNA,!1>7:58

Most in vivo approaches near clinical acceptance have used modified viral vectors as
carriers for DNA or RNA encoding both the Cas9 protein and the requisite sgRNA, which are
then expressed in the infected cell.1*4>%80 This approach has the benefit of high delivery
efficiency and has the potential for tissue specificity. Most viruses have evolved to evade
immune detection and so generally have good circulation times and natively possess the
capability of targeting and entering specific cell types. Unfortunately, viral transfection suffers
from a number of drawbacks, including size restrictions, dosage, and temporal control.'® The
size restriction is a major impediment, as the most common viral vector for delivery is the
adenovirus.>%! These well studied viruses are highly efficient and provoke minimal immune
response, but they have a genome of only four to five kilobases which is barely enough room
for a single Cas protein and allows for no excess cargo.3* Dosage is another significant problem,
as multiple studies have demonstrated that many active copies of Cas9 are produced through
viral infection. This in turn leads to off-target cleavage events, increasing the risk of cancer or
other diseases.”®®2 More recently, it has been appreciated that viral delivery poses significant



immunological risk to the patient due to the potential for rejection of the cells or tissues that
have been edited.>>3 Together, these drawbacks have limited Cas9 delivery via modified viral
vectors to either tissues removed from the body or immunoprivileged regions such as the
eye.64-66

In recent years several other approaches for delivering Cas9 encoding nucleic acids to
cells have emerged as exciting alternatives, carbon nanotubes from the Landry lab and gold
nanoparticles from the Murthy lab. Though untargeted, the Landry lab has shown
groundbreaking efficiency in their nanotube delivery platform which offers improved rates of
delivery even to plant cells but currently lacks cell specificity.®” The gold nanoparticle approach
is similarly untargeted but has seen broader use in gene delivery into a variety of plant and
animal systems.%%°

Due to the challenges with nucleic acid delivery for CRISPR therapeutics many in the
field have focused efforts around delivery of the entire Cas9 and sgRNA ribonuclear protein
(RNP) complex to targeted cells rather than rely on transfection/transformation and
expression.’® This reduces the possibility of off-target cleavage events and increase temporal
and dosage control while minimizing the chance of rejection.®

At the start of this project there were 3 primary delivery paradigms under investigation:
delivery of Cas9 protein alone with enhanced uptake through incorporation of cell penetrating
peptides or other groups;>’ delivery mediated by charged lipid vesicles,”* and Cas9 delivery in a
protein or polymer cage.®*”2 Because RNase is present in the blood at up to 1 mM
concentrations, there is significant difficulty delivering functional Cas9 to cells in vivo for
therapeutic purposes.>” Additionally, Cas9 suffers from exceedingly poor pharmacokinetics
since it is rapidly removed from the blood which complicate direct delivery of the RNP.”3
Interestingly, recent work from the Wilson lab has shown potential for Cas9 RNP delivery
through attachment of various targeting groups.’*’® However, these approaches still suffer
from RNase degradation and poor pharmacokinetic profiles which ultimately limit their
applicability for intravenous delivery. Guide RNA modifications to improve stability and reduce
the impact of RNase degradation are being explored in most RNP delivery approaches but cost
of production currently limits the applicability of these approaches in the majority of cases.”®

In contrast, direct injection to target tissues continues to be one of the most promising
applications for RNP constructs. Work by Staahl et al has shown great promise in delivering
Cas9 with multiple copies of the cationic nuclear localization sequence (NLS) of the Simian
Vacuolating virus (SV40).52 This work has shown that neurons and neural progenitor cells are
particularly amenable to delivery of CRISPR proteins via cationic peptide fusion. Unfortunately,
this technique seems restricted to neural cells as no other cell lines have shown significant
editing with similar constructs. This is likely due to the high polarization of the neural
membrane, which indicates that cardiac cells might offer another potential application area for
these NLS tagged constructs.

Cationic lipid mediated delivery has shown very promising results in ex vivo cell delivery
studies,’! however, most lipid delivery systems are limited to the site of injection and/or show
poor tissue specificity in vivo.*>”” Here the challenge is tuning lipid delivery profiles, as the rapid
fusion with cell membranes drastically reduces the diffusion of the vesicles from the site of
administration.”®7?



Given the difficulties associated with the methods discussed above, protein
encapsulation remains a promising line of delivery for the Cas9 RNP. Encapsulation offers
superior protection from immune system interrogation,8%2! improved stability, and enhanced
circulation profiles depending on the nature of the encapsulating matrix.8%83 Of particular
interest is the ability to protect the guide RNA from degradation without resorting to
prohibitively exotic and expensive RNA derivatives. A further benefit of encapsulation is their
ready with targeting groups or immunosuppressant molecules to allow for superior targeting to
a variety of cell types or tissues.84-86

In the past year Cas9 RNP encapsulation and delivery have been taken into lentiviral
capsids in a recently submitted publication by Hamilton et al. and from Lyu et al.8” This work
shows the potential of encapsulation for delivery of Cas9 to target cells. The ability to produce
the constructs without the need to first isolate and purify the various components presents a
distinct advantage over other methodology discussed in this work. Furthermore, the use of the
lentiviral shell offers excellent protection from immune surveillance, and their ability to
serotype diverse receptor targets in place of the native binders has shown promising results in
the targeting and delivery to various cell types.

1.4 Bacteriophage MS2 and the MS2 virus-like-particle

The bacteriophage MS2 is a well-studied example of RNA bacteriophages prone to
infecting E. coli. In its wild-type state the MS2 viral capsid contains a membrane insertion
domain, and 177 copies of a single coat protein subunit which self-assemble around the RNA
genome of the virus.®® Self-assembly is catalyzed by the MS2 hairpin binding sequence which
acts as a nucleation site and is believed to cause a conformational change in the bound MS2
coat protein that facilitates capsid formation.®=! The tight binding to the MS2 hairpin has even
been used by some groups as a method for binding two proteins together,%? or for tracking RNA
within cells.®® Early versions of CRISPRi and CRISPRa used MS2 hairpin extensions in the guide
RNA sequence of a dead Cas9 (dCas9) to recruit inhibitory or activating proteins fused to MS2
monomers to the gene or region of interest without cleaving the DNA target.®* More recently,
the Wilson lab has used MS2 hairpin extensions of the sgRNA to recruit delivery and targeting
groups to Cas9 RNPs.”®

Within the MS2 capsid, each subunit of has been shown to have some low affinity for
other hairpins throughout the RNA genome, facilitating the winding of the genome throughout
the entire capsid as revealed by recent TEM images.®%%> A useful property of the MS2
bacteriophage is that the coat protein alone can be expressed recombinantly in E. coli where it
self-assembles into virus-like-particles (VLPs), or particles that maintain the structural
characteristics of the virus without a competent infection system. Crucially, the MS2 coat
protein is capable of forming a capsid around endogenous mRNA transcripts within the cytosol
of the bacterium expressing it, allowing for facile production and purification.®® This mRNA
binding ability facilitates screening of MS2 libraries as selections can be applied to a diverse set
of constructs followed by mRNA extraction, reverse transcription and sequencing.®® The author
is honored to have contributed to the development of this technique, called Systematic
Mutation and Assembled Particle Selection (SyMAPS) which allows for the rapid profiling of



assembly-competent MS2 mutants. It has been employed to screen stability for every single
amino acid mutant of the MS2 coat protein, allowing for identification of a number of
promising mutants with higher acid sensitivity or reactive groups on the exterior.’® The
development of SYMAPS is catalogued in other works and will not be included here for the sake
of brevity.%%°7

MS2 VLPs are approximately 27 nm in diameter, each with 32 pores (2 nm in diameter)
and a 17 nm interior cavity.®%°2 Their robust formation and high stability have made them an
attractive scaffold for protein engineering. The Francis lab and others have shown that the
capsid is highly tolerant to modification, dimerization of the coat proteins, and even artificial
amino acid incorporation. In particular, incorporation of the p-aminophenylalanine (paF) group
into position T19 of the MS2 coat protein produces capsids with 180 aniline groups on the
surface,®>1%° well suited for oxidative coupling of small molecules and proteins up to full
antibodies.>>* The interior of the MS2 capsid can be similarly modified after incorporation of a
cysteine at position N87, allowing for facile attachment of maleimide or other cysteine reactive
groups. These two modification approaches have been used to create an array of cargo delivery
vehicles for various therapeutic applications from anti-cancer drugs to gold nanoparticles.[cite]
Additionally, the ability to attach antibodies to the capsid surface allows for targeting of arterial
plaques!®® and potentially other targets. Fused dimers of the MS2 coat protein have been
shown to be more tolerant to peptide insertion.'92-1%4 This characteristic has been employed by
several researchers to insert peptides into exposed surface loops for the purposes of peptide
display.®* Combination of this with the SyMAPS screening could yield diverse candidates
beyond those identified in the exciting work by Robinson et al.1%

MS2 VLPs are also an attractive candidate for drug delivery due to their excellent
pharmacokinetic properties.8? Generally remaining in the blood stream for over 24 h, the MS2
VLP is large enough to avoid filtration by the kidney and benefits from a lack of strong innate
immune response since it does not naturally target human cells.%® MS2 VLPs have been used
for their high storage capacity for toxic cargo and have been successfully targeted to
atherosclerotic plaques. Studies have shown that the MS2 VLP might also benefit from the
Enhanced Permeability and Retention (EPR) effect, due to their size they are just small enough
to transport into tumors due to the increased permeability of the vasculature within the
tumorous tissue, allowing for a more targeted delivery of chemotherapeutic cargo.?

Another beneficial property of MS2 VLPS is that they can encapsulate a variety of
negatively charged molecules from drugs to gold nanoparticles.®>107-199 MS2 capsids readily
disassemble in the presence of concentrated acetic acid, allowing for removal of the MS2
genome or mRNA, and introduction of new cargo in a controlled environment.1° Capsid
formation occurs rapidly around negatively charged particles in the presence of the stabilizing
agent TMAO (Figure 1) and proceeds overnight with little loss of the coat protein monomers.
This capability was utilized by Glasgow et al to encapsulate negatively charged enzymes and
shows great promise as a potential protein delivery method.%’
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Figure 1: Encapsulating Cas9 within the MS2 viral capsid. MS2 capsids were dissassembled using acetic acid into soluble dimers. Then,
in the presence of the stabilizing agent TMAO, capsid formation occurs around negatively charged particles such as RNA or polymers. The
presence of the MS2 hairpin may further aid in capsid formation by creating a specific nucleation point for binding to the MS2 monomer.

1.5 Further engineering of CRISPR proteins

The high specificity binding of Cas proteins to specific DNA sequences has been utilized
in the creation of a number of highly successful tools based on proteins fused to a Cas effector
protein and allows for localized activity in the region surrounding the target. The most
successful of these derivatives are the base editors developed by the Liu lab. Here adenine or
cytidine deaminases are fused to the N or C terminus of Cas9 and are used to convert bases
around the target site. These deaminases effectively swap the base pairing with the effected
base, causing A to convert to G on the case of adenine base editors!!* and C to T in the case of
cytidine.’? In the later case it is necessary to fuse a third protein (uracil glycosylase inhibitor or
UGI) to the opposite side of Cas9 to inhibit reversion of the edit by uracil glycosylase. Here, the
UGI fused to Cas9 remains at the editing site until the next round of DNA replication, at which
point the base change is rendered permanent. By varying the linker length the Liu lab has
successfully created editors that effect only a narrow window surrounding the target to less
than 5 bases, enabling selective modification through single base shifts without the need for
DNA cleavage.''¥113 The Liu lab has successfully generated variations on these fused proteins by
evolving the deaminase to be more efficient at base conversion. The downside of these efforts
has come from reports that these constructs cause significant off-target editing due to transient
activity outside of binding sites.'# Since the base editors are not linked to the conformational
change that occurs upon target binding they are able to act indiscriminately. A new generation
of these tools that incorporates these base editors in place of the HNH domain in Cas9 is
proving an exciting resolution to this problem.

Another exciting technology from the Liu lab is the PRIME editor, a Cas9 derivative with
an extended guide RNA and a fused DNA polymerase that allows for much more extensive gene
insertions than were previously possible.3® However, this technology is still quite new and will
require further optimization before it is a viable tool.



The final derivative of these Cas9 fusions to note are the as yet unpublished histone
modifiers fused to Cas9 by Enrique Lin Shiao in the Doudna lab. These allow for targeted
modification of chromatin and promise exciting discoveries in the field of epigenetics.

All of the abovementioned Cas9 fusions have been shown to be highly effective in cells
when transformed via plasmid or viral delivery, but few have been successfully expressed and
purified due to their large size and complex structure. As the complexity of these CRISPR
technologies increases it has become increasingly important to develop methods of creating
CRISPR fusions ex vivo for biochemical study. The importance of this type of work has been
made abundantly clear by work from Lapinaite et al who were able to show that modifications
to TadA in the base editor ABEmax V8 were due to over-activation of the TadA domain rather
than optimization in linker length or other modifications.'* These insights are nearly impossible
to uncover without the ability to isolate the protein fusion.

1.6 Methods to create protein fusions

Given the utility of CRISPR conjugates, there is significant interest in developing facile
means of protein conjugation. Protein modification is a well-studied field with many
alternatives available, but there are few techniques capable of covalently coupling whole
proteins together. Despite this fact, fusion proteins have taken on a role of increased
significance in modern medicine, showing the importance to further develop tools in this
ﬁE|d.115’116

1.6.1 Genetic fusions

The most common approach to creating protein fusions, coupling proteins on the
genetic level is relatively simple using modern cloning techniques. Once transformed into a cell
for production these fused genes are expressed as a single protein product and can be purified
accordingly.? This approach is readily scalable, produces uniform product, and can be modified
rapidly to optimize aspects of the fused product. The primary drawback of fused protein
expression is well summarized in the challenges faced in isolating Cas9 base editors and other
CRISPR fusions: the larger and more complex the construct, the lower the chance of successful
expression.'® This is often caused by miss-folding in one of the subunits but can also be due to
a lack of chaperone proteins or other challenges. Optimizing the spacer sequence between the
fused proteins can help with miss-folding in some cases but this can take several rounds of trial
and error.

Fused protein expression only worsens when considering multi-subunit proteins or
differing glycosylation requirements as in antibody fusions and other similar constructs.*'’
Genetic fusions are also limited in their orientation, as the two proteins must be attached via
the N and C terminus. This prevents attachment at other points without significant engineering
and structural re-organization.
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1.6.2 Unnatural amino acid incorporation

One of the primary methods of joining proteins together is through the incorporation of
unnatural amino acids (UAAs). The Francis group has extensively used the artificial amino acid
paF which acts as an aniline reactive group as a basis for the oxidative coupling reactions.®>8
Other unnatural amino acids include azido groups for Cu(l) catalyzed click reaction with alkynes
or through copper-free click reactions to strained cyclooctynes as pioneered by the Bertozzi
|ab.119,120

Unnatural amino acids are typically introduced using the Schultz method of amber
codon suppression. Here, tRNA synthases have been evolved to produce tRNA targeted at the
UAG stop codon and loaded with a variety of unnatural amino acids.*'® The UAG stop codon can
be substituted at any position in the gene of interest, resulting in a protein that either
terminates at the selected site or contains the artificial amino acid. The benefit of this approach
is that proteins containing a poly histidine tag at the C-terminus will all have successful
incorporation of the artificial amino acid, as unsuccessful translations will result in shortened
proteins without the histidine tag.!'8

The drawback to this method is the significant reduction in complete protein transcripts.
On average proteins with artificial amino acids are expressed at 10% the rate of their wild type
counterparts. Due to the reliance on multiple plasmids this approach is only really feasible on
bacterial expression systems and is quite challenging to implement in mammalian expression
systems for antibodies or other therapeutics.!'® The final downside is that most of these
reactions require a complementary reactive group on the coupling partner. For couplings of
two proteins, both must be expressed with the requisite unnatural amino acid, greatly
decreasing the ease of production.

1.6.3 Chemical modification of native amino acids

Several native functional groups are regularly targeted for modification. The most are
lysine residues, where the primary amine readily couples with NHS esters and other reactive
groups. The drawback of lysine modification is that it is a ubiquitous amino acid, comprising
over 5% of most protein surfaces.'?! Due to its ubiquity, lysine modification typically results in a
mixture of products containing variable numbers of modifications.??

Cysteine residues are also frequently targeted due to their selectivity and relative rarity.
Cysteines comprise only 2% of surface amino acids on average and in most cases are involved in
disulfide bonding.'?* While involved in the disulfide bond cysteines are non-reactive to most
common coupling chemistry. Maleimides are the most common choice for cysteine coupling, as
they are selective to thiols and are relatively efficient.1?® Recently, maleimide couplings have
fallen out of favor in therapeutic development due to their ability to hydrolyze, potentially
releasing the bound cargo.t?412>

Cysteines are also employed in native chemical ligation (NCL), where an N-terminal
cysteine allows coupling to peptides with a C-terminal thioether and results in the formation of
a stable peptide bond.'?® NCL has been used to synthesize whole proteins from individual
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peptides and allow for incorporation of unnatural reactive groups which would otherwise be
impossible to introduce. Unfortunately, this approach is limited to the synthesis of smaller
proteins and is not feasible for the production of larger protein-protein conjugates. 1%¢

Glutamic and aspartic acids can also be targeted by certain chemistries but these often
require much more damaging conditions and are again prone to over-modification.?”

The N-terminal amino group poses a unique chemical handle due to the nearby
substitution. The Francis lab has utilized this privileged reactivity to great effect to target the N-
terminus with a variety of oxidative coupling reactions. The most successful of these is the
reaction with 2-pyridine-carboxaldehyde (2PCA) which results in a covalent bond through
rearrangement to the cyclized imine.1?812°

The primary challenge in coupling proteins together using native amino acids is the
requirement for a bifunctional linker. In these reactions, it is imperative that the linker attach
only once to the protein of interest, and again to the target. This proves exceptionally
challenging when targeting lysines, as any lysine modification strategy is capable of targeting
both the initial protein and the coupling partner. The most common workaround is the use of
heterobifunctional linkers that possess both NHS and maleimide reactive groups on opposing
sides.’3%131 |n this case, the starting protein cannot contain surface cysteines and is modified by
the NHS group at surface lysines, then the small molecule is removed. In a subsequent reaction
a cysteine containing coupling partner is introduced, resulting in linkage between the two
proteins. Unfortunately these reactions are often inefficient, requiring large excess of the small
molecule coupling partner as well as the cysteine containing protein. These linkages are also
not directed, in that it is nearly impossible to control which surface lysine is modified which
results in a random orientation between the two proteins.?3%:132

1.6.4 Enzymatic protein-protein coupling

An emerging field of work focuses on using enzymes to couple whole proteins together.
There are several approaches of note: the use of recognition domains with target peptides,
terminal coupling, and native amino acid activation.

Recognition domain technology such as SpyCatcher/SpyTag uses a targeting peptide or
molecule that is recognized by the receiving domain and fused via covalent bonding.133134
These domain based fusion technologies have been used to produce highly interesting
constructs including vaccine candidates and enzyme fusions.’3* The primary benefit of these
techniques is that they can be incorporated without the need for artificial amino acids, and in
many cases are bio-orthogonal allowing for application in studying various aspects of cell
biology.3>137 This selectivity requires fairly large recognition domains to work, and since
coupling domain is 20-30 kDa in size this can equal or exceed the mass of the desired coupling
partner.’33 The size of these domains once again limits the orientation of the fused proteins and
ensures that there will always be a significant space between the fused partners. A final
concern in therapeutic applications is the potential immunological risk of the large domains,
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since these are bacterial in origin it is possible that these constructs could provoke strong
immune response.3’

Terminal coupling is primarily accomplished via the sortase system. Here a C-terminal
tag of LPXTG is recognized by the sortase enzyme and fused to an N-terminal poly-glycine
partner protein.'38 Sortase coupling produces peptide bonds between the fused proteins and
leaves behind only the minimal scar of the LPXTG tag between the two.38 The downside of this
approach is that the enzyme operates through an equilibrium mechanism and catalyzes the
reaction in both directions.'3? As a result, the reaction tends not to go to completion without
significant effort, complicating purification of the fused product and lowering the yield.**° The
other drawback of sortase coupling is that is again only couples proteins at the N and C termini,
limiting the potential to explore other configurations.'4!

Native amino acid activation uses enzymes to modify functional groups already present
on the surface of a protein to provide unique reactivity. An excellent example of this technology
is the SMARTag approach developed by the Bertozzi lab and later Redwood Biosciences.#?
SMARTag uses the formylglycine-generating enzyme (FGE) to recognize the CxPxR sequence on
a target protein and converts the cysteine to a formyl-glycine.**? Further reaction via Pictect-
Spengler coupling allows for covalent bond formation between the protein and its target.'#?
The downside here is the requirement for a hydrazine group or similar in the coupling partner,
requiring chemical modification or artificial amino acid incorporation.'43

1.7 Conclusions

The discovery of CRISPR and its application towards gene editing has had an earthshaking
impact on biology and medicine. In order to develop it into useable treatments and tools we
need novel delivery methods to provide entry into cells, and a new toolkit for modifying these
enzymes. Due to the potential for immunological rejection, off target editing, and ethical
concerns involved with producing Cas9 in cells it would be preferable to develop delivery
techniques that mediate delivery of the pre-assembled RNP. Of available options, enclosing the
Cas9 RNP in a virus packaging offers an exciting opportunity to avoid immune detection, stave
off RNase degradation, and engineer in tissue specificity through the attachment of antibodies
or other cell binding moieties.

For modification of Cas proteins, new tools are required that enable protein and peptide
coupling at specific positions around the protein surface without the need for artificial amino
acids or exotic conditions. An ideal technology would proceed rapidly to completion, require no
elevated temperature, and should not require the addition of extraneous domains.
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Chapter 2. Encapsulating CRISPR-Cas9 inside MS2 virus like particles

Abstract

Delivery of preassembled Cas9 RNPs is a major challenge to their use in gene therapies. Due to their
sensitivity to RNase and rapid removal from the blood it is ideal to encapsulate Cas9 within a carrier
system which can protect against immune clearance and RNase degradation. We show that Cas9 is
successfully encapsulated within the MS2 VLP following integration of the MS2 hairpin into the loops of
the Cas9 sgRNA, and demonstrate the successful editing in cells of MS2-encapsulated Cas9. We then
discovered that the MS2 VLP is not protective against RNase degradation of the Cas9 sgRNA. We
validate that RNase is capable of entering the MS2 VLP through the pores in the coat protein structure,
and show that degradation does not occur in the presence of larger nucleases or in the case of the wild
type MS2 capsid. Finally, we examine a library of MS2 mutants in the loop region surrounding the pore
and find that no candidates confer the requisite protection against RNase activity.

Cell work was conducted with the help of Christof Fellmann, and MS2 mutant libraries and library
analysis were completed with the help of Emily Hartman and Stephanie Robinson.
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2.1 MS2 for Cas9 delivery

The targeted DNA cleavage of CRISPR-Cas9 allows for ready modification of genes within target
cells, eliminating problematic proteins or correcting genetic defects.! One of the primary
challenges in the development of CRISPR therapeutics is delivering the pre-assembled Cas9
Ribonuclear Protein (RNP) through the blood to target cells.?® RNase is the greatest threat to
successful delivery as it rapidly degrades the necessary guide RNA, effectively deactivating the
complex. Next, there is the fact that recent studies have shown high native immune response
to Cas9 and other Cas proteins in patients due to their presence in pathogenic bacteria.*> In
some patients, this preexisting immune sensitivity to Cas9 can lead to rejection or inflammation
caused by treatment with Cas proteins.*° Finally, as with all protein therapeutics, Cas9 is
cleared from the blood rapidly, minimizing the window of effect and decreasing the rate of
delivery.®

The MS2 Virus Like Particle (VLP) has been used previously to encapsulate a variety of anionic
cargo including DNA, RNA, and anionic proteins.’~*! The ready modification via introduced
artificial amino acids such as p-aminophenylalanine (paF) allows for facile modification of the
capsid exterior with targeting groups or other peptides to facilitate cellular entry.?74 The fact
that the MS2 VLP naturally forms around RNA containing the MS2 hairpin loop makes it an
attractive candidate for its potential to encapsulate the Cas9 RNP.*>Y7 This idea is further
supported by several reports that utilize MS2 hairpins inserted into the loops of the dCas9
sgRNA to recruit MS2 coat proteins fused to transcription inhibitors, repressing the targeted
genes.® Since MS2 is an RNA bacteriophage found within humans and in the environment at
large one assumes that the MS2 capsid is impervious to RNase activity and should confer this
protection to Cas9 RNPs encapsulated within the VLP.*1920 Sych a system would provide
protection for the cargo, decrease immune surveillance, and improve circulation times due to
the excellent pharmacokinetics of the MS2 VLP.

2.2 Encapsulating Cas9 in MS2
2.2.1 Preparation of fluorophore labeled Cas9

As shown in Figure 1, N-hydroxysuccinimide (NHS) linked AlexaFluor568 (AF568) was
incubated with Cas9-mCherry at a 100:1 molar ratio at room temperature for 1 h in 50 mM
phosphate buffer pH 7.5. A spin concentrator was then used to perform a buffer exchange to
remove excess dye. Although NHS reactions are typically carried out at pH 8 and above to allow
for efficient coupling, initial reactions were carried out at pH 7.5 to prevent excessive
modification and potential protein denaturation.

The modified proteins were characterized by ESI-TOF (Figure 1B) and were found to have a
maximum of five modifications per protein, producing a highly photoactive Cas9 (Figure 1C).
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Figure 1: Fluorescent labeling of Cas9. A Strcture of AlexaFluor 568 (Excitation: 576 nm Emission: 602 nm)
with attached NHS ester. B. ESI-TOF spectra for fluorescently labeled Cas9 showing Cas9 with up to 5
modifications per protein. C. Scheme illustrating fluorescent labeling conditions for Cas9 (PDBID: 5F9R),
which contains 184 lysine residues

2.2.2 Production of modified sgRNA

With the ability to monitor the presence of Cas9 within MS2 capsids, GFP-targeting
sgRNA guides were designed with MS2 binding sequences inserted into either loop2 or the
tetraloop to enhance MS2 capsid formation (Figure 2A). Successful RNA production yielded up
to 521 ug of sgRNA for each of the guides (Supplemental Figure 1). Guides were prepared for 3
potential locations along the GFP gene, designated as 1, 8, and 9, in order to identify the most
readily cleaved location. Position 1 is located near the middle of the gene, while 8 and 9 are
positioned near the 3’ region.

2.2.3 Complexing Cas9 with sgRNA and activity validation

Cas9 was combined with the sgRNA at a 1:1.4 molar ratio according to published
protocols.?t After complexation, the Cas9 with modified guides were electroporated into HEK
RT1 or RT6 cell cultures and left for 24 h, then induced with 1 pg/mL of doxycycline for 48 h
before analysis via flow cytometry. When gated for GFP fluorescence we observed significant
decreases for all editing conditions. There was a noticeable decrease in cleavage efficiency for
sgRNA modified in the tetraloop region, which allowed us to move forward using only the
sgRNA with the MS2 hairpin in loop 2 targeting position 8 in the GFP gene (Figure 2B, C).

For in vitro studies the Cas9 complexed with sgRNA was added to a solution containing
an 800 bp long PCR product that had been previously purified by gel electrophoresis. After
incubation, the reaction was quenched using stop solution containing EDTA. The cleaved
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products were then run through a 1% agarose DNA gel and stained with SybrSafe before
imaging. The percent cleavage was determined via densitometry analysis examining the
uncleaved band relative to the two cleavage bands. In comparing the three cleavage locations
we found that the modification in the tetraloop region slightly reduced cleavage efficiency,
while the modification in loop 2 showed comparable activity to the unmodified sgRNA (Figure
2D).
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Figure 2: Comparison of Cas9- sgRNA ribonucleoprotein (RNP) complexes seaturing sgRNAs
with or without MS2 loops. A. Predicted RNA folds of the indicated sgRNA. B. Representative
flow cytometry of HEK RT6 reporter cells treated with the indicated Cas9-stRNA complexes for
24 h followed by induction of GFP expression with doxycycline (1 pug/mL) for 48 h. C. Quantifi-
cation of flow cytometry data reporting cell culture editing efficiency of the indicated Cas9
RNPs. HEK-RT1 and HEK RT6 reporter cells were treated as in B. D. In vitro cleavage assay
using indicated Cas9-sgRNA complexes. The dsDNA substrate was incubated with 10-fold
excess RNP at 37 °C for 30 min. Yellow asterisks (*) indicate expected cleavage products for
the sgRNAs.
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2.2.4 Encapsulation of Cas9 insideAMSZ
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Figure 3: Cas9 encapsulation withing MS2 Capsids via SEC. A. SEC trace of wild
type MS2 capsids. The beige band highlights capsid peak retention (10.5 min),
and the red band highlights monome elution peak (13 min). B. SEC trace of Cas9
labeled with AlexaFluor 568 NHS ester. The teal band highlights Cas9 peak
retention (11.5 min). C. Cas9 and MS2 capsids co-injected without capsid disas-
sembly. The strong peak visible at 10.5 with no absorbance at 578 nm indicates
empty capsid with no associated Cas9. D. Capsid formed in presence of AF-568
Cas9. The strong absorbance at 578 nm for the capsid peak indicates succesfull
RNP encapsulation.
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With the MS2 hairpin RNA in hand we next sought to encapsulate Cas9 within an MS2
virus like particle. As previously described by Glasgow et al. MS2 can be disassembled in 66%
glacial acetic acid followed by ion removal with a NAP-5 column. Disassembled MS2 and Cas9
were then combined in 50 mM Bis-Tris buffer pH 6.0 with 1.8 M TMAO at 4 °C for 48 h. 92223
Initially capsids were precipitated using saturated ammonium sulfate, but it was found that this
procedure damaged the activity of Cas9 and samples were instead capsids were run on a bio-
SEC system through size exclusion columns capable of separating the intact capsids from free
Cas9. The bio-SEC-5 column was found to be most effective for this process as it results in
distinct peaks between free MS2 and Cas9.

To ensure that the re-formed capsids contained Cas9 we took Cas9 modified with
AlexaFlour 568 through the encapsulation protocol and monitored both fluorescence and
absorbance of the fluorophore during SEC analysis. Controls comprised of MS2 (Figure 3A) and
Cas9 alone (Figure 3B), as well as a co-injection of the two combined immediately before
injection (Figure 3C). These samples showed clearly that only samples that had undergone the
disassembly and reassembly protocol showed fluorescence at the elution time of MS2 (Figure
3D).
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endosomal proteases.?* To ensure that encapsulated Cas9

Cathepsin Ms2
7765

S FLAG Ms2 was readily released upon entering the cell it would be
g [ Ve Comoandmr — beneficial to design capsids which are stable in serum but
2 s — can be broken down once they reach the cytosol. An
L efficient approach to force protein degradation is to attach
o readily degraded sequences into loop regions, promoting the

unfolding and degradation of the target.?>?® However, the
MS2 coat protein is very sensitive to peptide insertions, with
most attempts resulting in incompetent capsid formation.
The Peabody lab has previously shown that adjacent MS2
monomers can be fused, producing an MS2 dimer that
shows greater insertion tolerance. Peptides can be inserted
into the MS2 AB loop of one of the fused dimers, yielding a

c . Typsin Disassembyof Modified Capsids capsid with 90 copies of the peptide loop across the surface.
. 25,27
E Based on previous work the FLAG tag was selected as a
i control to assess whether competent capsids were formed
* 1 I I I from the fused MS2 dimer with a short insertion. The most
<t AR W B R SRR RERENUE common disease associated protease is cathepsin which is

upregulated in cancer cells.?23° A cathepsin cleavage
Figure 5: Protease sensitive MS2 sequence was inserted into the AB loop of the fused MS2
dimers. A. ESI-TOF MS of MS2fused  §imer and expressed in E. coli. Mass spectrum and
dimers with either a cathepsin prote- Transmission Electron Micr data sh dth rified
ase cleavage site or a FLAG tag ansmission Electron Microscopy data showed the purifie
inserted into the AB loop. B. Transmis-  Protein shows competent capsid formation (Figure 5 A,B).

sion Electron Microscopy (TEM) . ) . .
images of MS2 and FLAG MS2 Purified capsids were then exposed to trypsin degradation to

capsids. C. Quantification of capsid assess their sensitivity to generic proteases. Both peptide
disassembly monitored via SEC UV for  insertion mutants showed significantly higher degradation as
wild ‘typg MS2 and MS2 dimers with measured via SEC while the wild type capsid showed little
peptide insert. ) . . .
evidence of degradation (Figure 5C). These experiments
show that peptide insertion MS2 capsids are indeed more readily degraded by proteases than the wild
type capsid.

2.3 Cell editing with Encapsulated Cas9
2.3.1 Electroporation into HEK298 cells

With encapsulated samples in hand we next sought to measure the ability of the
enshrouded Cas9 to edit mammalian cells. This experiment used the same GFP reporter line as
previously described in our sgRNA validation. Here, samples of Cas9 prepared inside MS2, were
compared to free Cas9 that had been taken through the encapsulation conditions, as well as
Cas9 that had been freshly prepared for this experiment.

For delivery purposes all three Cas9 preparations were co-incubated with one of three
cell-entry approaches: the lipid system Lipofectamine-2000 (Lipo-2000), cell penetrating
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peptide ppTG21,3! and cell penetrating peptide LAH4.32 All three had been shown previously to
mediate some form of gene delivery and we hypothesized that the peptide delivery system
could be applied to in vivo delivery if peptides were encapsulated inside MS2. In contrast, Lipo-
2000 is the industry standard for cytosolic delivery and stood for us as a control to examine
what would happen if a fully encapsulated Cas9 inside the MS2 VLP was delivered to a cellular
cytosol.

As in previous experiments all samples were applied to the cells for 24 h before
induction and measured on day 4 of the experiment by flow-cytometry. Figure 6A shows the
resulting editing % for each approach. The most striking result from this set of experiments is
the fact that the encapsulated Cas9 showed comparable editing to the free Cas9 sample when
delivered via Lipofectamine, indicating that even fully encapsulated Cas9 was able to escape the
MS2 VLP in the cytosol and mediate editing in the nucleus. The second gratifying result was the
confirmation of ppTG21 as a potential delivery peptide for the encapsulated Cas9. Though the
delivery efficiency was low, the ppTG21 results indicated that other delivery peptides might be
able to mediate efficient cell editing which was an exciting prospect.

2.3.2 MS2 Encapsulated Cas9 and RNase

With the ability to edit cells working, we next examined whether the encapsulation
provided material protection against RNase degradation of the sgRNA, a major obstacle to any
CRISPR therapeutic. For this round of experiments we took encapsulated Cas9 and compared its
editing ability to free Cas9 with the expectation that a shielded Cas9 would be less sensitive to
RNase activity. Each sample was exposed to a serial dilution of RNase for 15 min at RT
immediately before delivery, then administered to the cells using Lipo-2000 to ensure we were
measuring activity rather than delivery. Unfortunately, as evidenced by Figure 6B, not only did
the encapsulation not protect Cas9 from RNase breakdown, if anything it appeared to
encourage the degradation of Cas9 activity as evidenced by a near complete obliteration of
editing at even the most dilute RNase conditions (Figure 6B). This was quite surprising, as the
MS2 bacteriophage has an RNA genome that is well protected from RNase and other

environmental degradation.

Naturally this surprising result prompted further rounds of experimentation to examine if and
why RNase was capable of entering the MS2 VLP, and whether it would be possible to prevent this
behavior.
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Figure 6: Cell delivery to HEK RT1 and RT6 cells. A. Cas9 RNP samples pre-incubated with the indicat-
ed delivery vector. Cas9- control samples contained Cas9- sgRNA complexes with no further treatment.
Cas9 mock samples comprised Cas9-sgRNA complexes exposed to encapsulation and purification
conditions without addition of MS2. Cas9-MS2 samples represent Cas9-MS2 capsids purified via SEC.
All samples were allowed to incubate with Lipofectamine or the indicated peptide for 15 min before
addition of 50 pmol of Cas9 per well. Samples were incubated 24 h followed by induction of GFP expres-
sion with doxycycline (1 ug/mL) for 48 h, then imaging via flow-cytometry. B. Editing efficiency of Cas9
RNP after 15 min exposure to RNase. The Cas9 RNP control sample represents the bare RNP, while
Cas9 RNP in MS2 is the encapsulated construct. RNase concentrations in mg/mL are listed underneath
each sample.

2.4 RNase and the MS2 VLP
We sought to understand the origin of the seemingly contradictory RNase results, where MS2

encapsulated Cas9 showed if anything greater sensitivity to RNase degradation despite the RNA
genome being well protected in the wild type capsid. We performed a series of RNA extractions

using phenol/chloroform and gel based spin columns to isolate the RNA from the bulk protein

in the sample. This process ensures that excess RNase in solution is fully denatured and cannot
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contaminate results post extraction. After extraction RNA was loaded into a 10% urea PAGE gel
and run for 4 h at 40 W followed by imaging on a BioRad ChemiDoc.

We first examined the impact of RNase on free Cas9 compared to Cas9 in the MS2 capsid. We
analyzed both the wild type sgRNA as well as the sgRNA bearing the MS2 stem loop in Loop 2.
As seen in Figure 7A we found that in all cases assayed the RNase treatment fully degraded the
sgRNA, indicating that this was indeed the cause of our loss of activity in the MS2 encapsulated
samples.

Since the RNase entry conflicted with reported protective properties of the MS2 VLP we
hypothesized that the re-assembly of the capsid could be at fault, potentially due to structural
defects in the re-assembled capsids.'11933-3> As our lab has shown using the SyMAPS system?3®,
the recombinant MS2 capsids form around endogenous mRNA in the bacteria of origin,
encapsulating their own coding mRNA and allowing for downstream readouts of capsid
assembly after pH or temperature challenges. To test whether the MS2 VLPs were sensitive to
RNase we exposed the purified capsids to a range of RNase concentrations and then ran the
samples through the previously described RNA extraction protocol and ran through the urea-
PAGE gel. Our results show clear degradation of RNA even at low concentrations of RNase in
the MS2 VLP, indicating that even in the case of intact capsids we see RNase degradation
(Figure 7A). Capsid stability was confirmed by SEC and TEM which both showed clearly formed
capsids, helping to minimize our concerns that we were merely measuring exogenous RNA
(Figure 3A, 5B).

To further validate these findings we then repeated the studies with controls containing an
RNase inhibitor, as well as samples where RNase was added immediately prior to phenol-
chloroform extraction (Figure 7B). These cases showed minimal RNA degradation, confirming
that the effect desired was due to RNase accessing RNA within the capsid instead of
degradation after the capsid is denatured. The MS2 VLP possesses 32 pores of 2 nm diameter
across its surface, which typically do not allow entry of proteins to the interior of the protein
shell. However, the Francis lab has shown many times that the capsid is permeable to small
molecules, indicating that these pores could allow entry of other hydrophilic molecules.
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Figure 7: RNA gels stained with SybrGold to visualize RNase degradation of MS2 samples. A. Cas9
RNPs and capsids showing RNase degradation of RNA. Samples incubated with (+) or without (-) 1
mg/mL RNase A for 15 min prior to RNA extraction and visualization on a 15% polyacrylamide Urea gel.
Samples labeled Guide represent Cas9 with the listed sgRNA, Cas9 represents Cas9 inside MS2, Wild
represents MS2 VLPs bearing endogenous RNA. B. Analysis of RNase concentration and impact of
RNase inhibitor. MS2 capsids with endogenous mRNA or formed around Cas9 were exposed to RNase A
at 1 mg/mL (+++) or 0.1 mg/ mL as well as an RNase inhibitor peptide at 1 mg/mL (+) before RNA
extraction and visualization.

Cas9 Guide RNA

After validating that intact capsids were RNase sensitive even prior to disassembly, we sought
to examine if there was a limit to the size of proteins capable of entering the capsid. This would
allow clear determination of whether there were significant flaws in the capsid structure or if
the pores are merely flexible enough without the MS2 genome to allow entry of small proteins
such as RNase. We found that benzonase from Sigma Aldrich is roughly twice the size of RNase
at ~4 nm diameter, according to its crystal structure. This is twice the diameter of the pores in
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the MS2 capsid, and should afford a clearer view of whether the capsid is formed defectively or
the pores are allowed more flexibility. In the studies comparing Benzonase to RNase we found
that benzonase treated MS2 showed no RNA degradation, while un-encapsulated controls were
fully degraded. This indicates that Benzonase is capable of degrading RNA samples in our
reaction conditions, but not capable of entering the MS2 capsid. (Figure 8D, Supplemental Gel
1,2,3).

The surprising result that recombinant capsids were affected by RNase activity led to an
interest in whether we could validate our test on the wild type MS2 bacteriophage. Wild type
phage were obtained from laboratory stocks and exposed to RNase conditions identical to
those for our previous studies then run on a 1% agarose gel. In these samples we observed
strong bands corresponding to intact MS2 genomes, supporting the conclusion that
recombinant expression yields capsids that are less tightly assembled (Figure 8A).

While surprising, this result is not unprecedented. The MS2 genome has been shown to contact
every monomer of the capsid through strong interactions with the cationic residues on the
interior.3-3° It is quite reasonable to assume that the lack of continuous RNA contact might
weaken the integrity of the capsid due to charge repulsion or other means. To examine this
phenomenon further we performed a series of simulations to monitor the dynamics of the MS2
pores, focusing on the FG loop region which extends into the pores of the capsid. By modelling
10 monomer assemblies for 50 ns at a time we were able to show that there is some flexibility
in the FG loop, which showed a maximum separation between opposite loops of 2.3 nm, larger
than the minimum diameter of RNase, but still too small for Benzonase entry (Figure 8B).

With the knowledge that pore flexibility and size was the limiting factor affecting RNase
sensitivity we decided to employ the SyMAPS approach developed by the Francis lab to
evaluate a library of all 2 amino acid mutants into the tip of the FG loop between positions 71
and 76. In conjunction with Emily Hartman and Stephanie Robinson we produced a library of
MS2 particles with modifications in the FG loop and exposed them to benzonase or RNase
conditions (Supplemental Figure 3, 4). After this, mRNA from the samples was extracted,
reverse transcribed, and sequenced. Our goal was to identify capsids that were immune to both
RNase and Benzonase conditions in order to find only those competently folded capsids that
might allow safe packaging of the mRNA or Cas9 (Supplemental Figure 5). Our assay identified a
series of 19 mutants that showed the highest counts in our analysis of RNA sequences present
after RNase exposure (Supplemental Figure 5). Here we took prevalence to represent fitness
since screens of the library prior to selection (Supplemental Figure 3) did not uncover significant
skewing of the library members.

Our 19 candidate mutants were expressed and purified then run through the same RNase assay
we used with the native MS2 VLP. Unfortunately, no mutant in isolation was able to prevent
degradation by RNase, indicating that our candidates might have some slight protection from
RNase activity compared to other members of the library, but insufficient to allow for
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protection from a concentrated dose of RNase (Figure 8D, Supplemental Gel 1-3). Given the
lack of protection of large mRNA strands we did not pursue further testing of Cas9
encapsulated within these mutants.
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Figure 8: Analysis of the MS2 pore. A. Agarose native gel of wild type MS2 bacteriophage exposed to
RNase, Benzonase, or control for 15 min prior to visualization and staining with SybrGold. B. Protein
modeling of the MS2 pore diameter across the horizontal (orange) or diagonal (blue) axis over 50 ns. C.
Crystal structure of the pores of the MS2 bacteriophage with residues 71-76 highlighted in blue. The pore
on left shows the six-fold symmetry arrangement, while the pore on right shows the five-fold symmetry.
Horizontal and diagonal axes of the pore marked in blue and gold respectively. D. Polyacrylamide urea
gel showing MS2 mutants exposed to RNase and Benzonase. Samples were incubated for 30 min at RT
prior to extraction and visualization of remaining RNA. Sample names indicate identity of isolated MS2

double mutant.
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These disappointing results indicated to us that the MS2 VLP is not an ideal candidate for
delivery of RNA containing cargo unless that cargo is a reliable mimic of the MS2 genome in
contacting a majority of the capsid interior. Since we were unable to engineer a viable capsid
for delivery of the Cas9 RNP we chose to move on from this project and focus instead on the
developing tyrosinase chemistry that was beginning in the lab.

2.5 Conclusion and Future Directions

Cas9 RNPs were successfully encapsulated inside of the MS2 VLP, representing the
largest protein ever successfully introduced into the capsid. These results show the potential of
the MS2 VLP as a delivery system for intact protein cargo. However, the encapsulation process
remains inefficient and many MS2 mutants were not able to re-form capsids after disassembly,
limiting some of the potential utility of this scaffold.

We have shown that RNase can access RNA within the MS2 capsid if it is not
encapsulating the MS2 RNA genome. This runs against earlier works that showed some
protective capacity of the MS2 VLP for RNA cargo, but was validated by simulations and
exposure to larger nucleases. The potential for malformed capsids was thoroughly investigated
and clear TEM structures coupled with DLS and SEC indicate that even intact capsids showed
high sensitivity to RNase activity.

All double mutants of the MS2 FG loop were screened for a protective effect against
RNase activity, yielding 19 hits that showed promising initial results but ultimately showed
similar RNase sensitivity when isolated. The recent paper by Robinson et al. using the library of
FG loop peptide inserts provides an attractive option to examine due to the increased steric
bulk into the capsid pore, but it is unclear whether these mutants will tolerate reassembly after
treatment with acetic acid.

In summary, this work suggests the potential for a flexible model of the MS2 VLP that
contrasts with the rigid sphere normally described. In this model the VLP, unsupported by the
tightly coiled MS2 genome, is capable of greater dynamic motion —particularly around the 32
pores framed by the FG loop. These results support the idea of a porous shell capable of
allowing even small folded proteins into the capsid interior. Along with the challenges faced in
re-assembling MS2 mutants, this work highlights the limitations of the MS2 VLP as an
engineering platform and care should be taken in future work to account for these failings.

2.6 Materials and Methods

Unless otherwise noted, all chemicals were obtained from commercial sources and used
without further purification. Water (ddH;0) used in biological procedures or as a reaction
solvent was de-ionized using a NANOpure purification system (Barnstead, USA). All
oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). Terrific
broth used in Cas9 expression was purchased from Mediatech Inc. (Maryland, VA). Spin
concentrators were obtained from EMD Millipore (Millipore, Billerica, MA).

Instruments and Characterization
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Mass Spectrometry. Protein bioconjugates were analyzed using an Agilent 1200 series liquid
chromatograph (Agilent Technologies, Santa Clara, CA) that was connected in-line with an
Agilent 6224 Time-of-Flight (TOF) LC/MS system equipped with a turbospray ion source.
Samples were run with a Poroshell 300SB-C18 column (Agilent Technologies, USA). Protein
mass reconstruction was performed on the charge ladder with Mass Hunter software (Agilent,
USA).

Size Exclusion HPLC. HPLC purification of Encapsulated proteins was performed on an Agilent
1100 Series HPLC Systems (Agilent Technologies, USA) outfitted with an Agilent 1200 series
automatic fraction collector. Sample analysis for all HPLC experiments was achieved with an
inline diode array detector (DAD) and in-line fluorescence detector (FLD). HPLC of capsids and
proteins was accomplished using a BioSep-SEC s4000 column 300 x 7.8 mm column
(Phenomenex, Torrance, CA). The samples were eluted in isocratic flow of 10 mM or 100 mM
pH 6.8 phosphate buffer at 1 mL/min unless otherwise noted.

UV-Vis Spectroscopic Measurements. UV-Vis spectroscopic measurements were conducted on
a Thermo Scientific nanoDrop 1000 scan benchtop spectrophotometer (Thermo Scientific,
Wilmington, DE). Spectra were collected in Proteins and Labels mode from 200-800nm, while
direct protein concentrations were calculated using Protein A280.

Gel Analyses. For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed in a NuPAGE apparatus (Life Technologies, Hercules, CA), using a 10-
20% precast linear gradient polyacrylamide gel (Bio-Rad, Hercules, CA). All protein
electrophoresis samples were heated for 10 min at 95 °C in the presence of 1,4-dithiothreitol
(DTT) to ensure reduction of disulfide bonds. Gels were run for 80 min at 120 V to separate the
bands. Commercially available markers (Bio-Rad) were applied to at least one lane of each gel
for assignment of apparent molecular masses. Visualization of protein bands was accomplished
by staining with Coomassie Brilliant Blue R-250 (Bio-Rad). Gels were visualized on Gel-Doc EZ
Imager (Bio-Rad).

For PCR reactions products were run on a 2% agarose gel in TEA buffer with 1:10000 SyberSafe
DNA gel stain (ThermoFisher Scientific, Wilmington, DE). PCR samples were incubated for 5 min
with 5x SyberSafe loading buffer before application to the gel. Gels were run for 2 h at 120 V to
separate bands. Commercially available markers (1kb DNA Ladder, New England Biolabs,
Ipswich, MA) were applied to at least one lane of each gel for assignment of apparent mass.
Visualization of DNA bands was accomplished using a Gel-Doc EZ Imager (Bio-Rad).

For RNA separation a 15% polyacrylamide gel containing 6 M urea was made, then IVT products
were mixed with a 95% deionized formamide with trace bromphenol blue and xylene cyanol for
tracking. Gels were allowed to run for 4.5 h at 40 mV until xylene cyanol bands reached the
base of the gel.

Transmission Electron Microscopy (TEM). TEM images were taken at the U.C. Berkeley Electron
Microscope Laboratory using a FEl Tecnai 12 transmission electron microscope (FEI, Hillsboro,
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OR) with 120 keV accelerating voltage. Samples were prepared by pipetting 5 puL onto Formvar-
coated copper mesh grids (400 mesh, Ted Pella, Redding, CA) for 5 min, followed by exposure
to 8 uL of a solution of uranyl acetate (15 mg/mL in dd-H,0) for 2 min as a negative stain.
Excess stain was then removed and the grids were allowed to dry in air for 10 min.

Cas9 expression and purification: Cas9 was prepared alone and as a fusion to the reporter
protein mCherry to allow for fluorescent detection of Cas9 containing complexes. Both
constructs contained two nuclear localization sequences (NLS) linked via a TEV protease site to
maltose binding protein (MBP) with a 6xHis tag. The Cas9 samples were analyzed via ESI-TOF
and found to have a mass of 162748 Da for Cas9 alone, or 191169 Da for the Cas9- mCherry
fusion, both in line with expected values (Supplemental Figure 2). While Cas9 without mCherry
was produced at 2 mg protein per 1 L of bacterial culture, the mCherry fusion was not isolated
in sufficient yield to continue initial trials. Cas9-mCherry fusions were generously provided by
Dr. Romain Rouet and were used in all trials involving Cas9-mCherry.

Protein production

Production of paf 19 MS2: Glycerol stocks of E. coli containing plasmids for the T19paf mutant
of MS2 were generously provided by loana Aanei. The T19paf MS2 expression was carried out
in minimal media following the published protocol?*144°, The pellets were thawed and re-
suspended in 20 ml of 20 mM taurine buffer (pH 9) containing 6.5 mM DTT, 6 mM MgClI2, and
10 pg/ml each of DNase and RNase. Following sonication for 10 min, the cells were spun down
for 45 min at 11,000 rpm. Next, the supernatant was applied to a DEAE-Sephadex column (GE
Healthcare, Little Chalfont, United Kingdom). In 20 mM pH 9 taurine buffer, MS2 eluted first
from the DEAE column and was collected and precipitated using an equal volume of saturated
aqueous ammonium sulfate. The protein pellets were re-suspended in 10 mM pH 7.2
phosphate buffer and applied to a Sephacryl S1000 column (GE Healthcare). The fractions
containing MS2 were then collected and concentrated using Amicon Ultra 100 kDa MWCO
centrifugal concentrators (Millipore). A yield of ~3 mg/L culture was obtained for T19paf MS2
following two rounds of purification.

MS2 paf sequence. T in bold represents the T19paf mutation site:

ASNFTQFVLVDNGGTGDVTVAPSNFANGVAEWISSNSRSQAYKVTCSVRQSSAQNRKYTI
KVEVPKVATQTVGGVELPVAAWRSYLNMELTIPIFATNSDCELIVKAMQGLLKDGNPIPS
AIAANSGIY

Production of Cas9: Cas9 plasmids were generously provided by Dr. Romain Rouet. Plasmids
were transfected into BL21 E. coli cells, as per standard protocol and plated. After overnight
incubation the bacteria were inoculated into 1 L of Terrific Broth media with 0.1 g/L ampicillin.
Through several rounds of optimization, we found that rotation speeds of 160-200 rpm
produced maximal pellet size. Cells were cultured at 37 °C until an OD 600 of 0.8, then reduced
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to 18 °C for an hour before induction with 0.1 g/L Isopropyl B-D-1-thiogalactopyranoside (IPTG).
Cells were harvested via centrifugation and lysed using sonication (Fischer Scientific FB120)
using a 2 s on/ 5 s off cycle at 70% for 10 min total of sonication.

After lysis, cells debris was pelleted, and the supernatant was passed through a Protino Ni-NTA
5 mL column to isolate the his6-tagged Cas9-MBP fusion. The Cas9 fusion was incubated
overnight at 4 °C with TEV protease at 20:1 mass ratio inside 3,500 MWCO dialysis cartridges in
a pH 7.4 buffer containing 20 mM HEPES, 150 mM KCI, 1 mM TCEP, 10% glycerol, then passed
through a Heparin Sulfate column to capture the cationic Cas9 and eluted with a buffer similar
to the above with 1M KCl to allow for efficient ion exchange.

The Cas9 was concentrated in a 100,000 MWCO spin concentrator down to a final volume of
0.5 mL, then if further purification was required, injected onto a Superdex 200 10/300 GL size
exclusion column and eluted with 2 column volumes. Out of the 4 primary peaks detected and
analyzed via ESI-TOF, only the second peak was found to contain Cas9. Lastly, purified Cas9 was
concentrated in a 10,000 MWCO spin concentrator and ran on a 4-12% gel to assess purity.

Amino acid sequences for Cas9 with 2 NLS:
SNATCDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRR
YTRRKNRISYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDST
DKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRR
LENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKN
LSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQE
EFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRI
PYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTY
HDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLING
IRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKYV
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL
QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQL
LNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSK
LVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATA
KYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKE
SILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEA
KGYKEVKKDLIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFV
EQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRY
TSTKEVLDATLIHQSITGLYETRIDLSQLGGDAYPYDVPDYASLGSGSPKKKRKVEDPKKKRKVD

Amino acid sequence for Cas9-mCherry
SNATCDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRR
YTRRKNRISYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDST
DKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRR
LENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKN
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LSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQE
EFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRI
PYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTY
HDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLING
IRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKV
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL
QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQL
LNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSK
LVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATA
KYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKE
SILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEA
KGYKEVKKDLIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFV
EQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRY
TSTKEVLDATLIHQSITGLYETRIDLSQLGGDAYPYDVPDYASLGSGSPKKKRKVEDPKKKRKVDGIGSGSNGSS
GSVSKGEEDNMAIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQF
MYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLODGEFIYKVKLRGTNFPSDGPVM
QKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNED
YTIVEQYERAEGRHSTGGMDELYK

Prior to TEV cleavage both Cas9 derivatives contained the his6-tagged maltose binding protein
to aid in expression, sequence below:

KSSHHHHHHGSSMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDI
IFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIP
ALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHM
NADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKEL
AKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAV
INAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEENLYFQ

sgRNA Production

Our guides were purchased as two part oligomers containing the forward and reverse
sequences up to 100 nt in length with a minimum overlap of 50 nt. In addition to the MS2
insertion, these guides differ from standard sgRNA sequences in the stabilization of loop 2 by
the addition of two GC base pairs at the base of the loop. Full target sequences are as follows:
sgRNA alone (N1)- total length 131 nucleotides, MW: 42730.2 g/mol

STAATACGACTCACTATAGCCTCGAACTTCACCTCGGCGGTTTAAGAGCTATGCTGGAAACAGCATAGC
AAGTTTAAATAAGGCTAGTCCGTTATCACGCCGAAAGGCGGGCACCGAGTCGGTGCTTTTTTTY

MS2 on tetraloop (T1)- total length 151 nucleotides, MW: 49191.2 g/mol
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STAATACGACTCACTATAGCCTCGAACTTCACCTCGGCGGTTTAAGAGCTAGGCCAACATGAGGATCAC
CCATGTCTGCAGGGCCTAGCAAGTTTAAATAAGGCTAGTCCGTTATCACGCCGAAAGGCGGGCACCGAG
TCGGTGCTTTTTTTY

MS2 on loop 2 (L2-1)- total length 161 nucleotides, MW: 52438.2 g/mol

STAATACGACTCACTATAGCCTCGAACTTCACCTCGGCGGTTTAAGAGCTATGCTGGAAACAGCATAGC
AAGTTTAAATAAGGCTAGTCCGTTATCAACTTGGCCAACATGAGGATCACCCATGTCTGCAGGGCCAAG
TGGCACCGAGTCGGTGCTTTTTTT?

The guides were combined with forwards and reverse primers containing extended T7
promotor sites to facilitate transcription in subsequent steps.

Forward: ¥*GAAATTAATACGACTCACTATAG?
Reverse: “AAAAAAAGCACCGACTCGGTGCY

PCR was performed using the Phusion polymerase kit from New England Biolabs. Template
concentration 20 nM, primer concentration 1 uM. PCR program was conducted as follows:

Initial melt: 95 °C 01:00 (mm:ss)
Denature: | 95 °C 00:10 | \
Anneal: | 59 °C 00:10 | | x40
Extension:| 72 °C 00:10| /
Final extension: 72 °C 01:00

Hold: 4°C

After PCR, guides were analyzed via 2% agarose gel as previously described*! after purification

via QIAGEN QlAquick PCR purification kit (QIAGEN, Germany). Purified product was then added
to a 1 mL reaction volume of T7 polymerase in vitro transcription (IVT) in 50 mM Tris buffer pH
8 with 30 mM MgCl,. After incubating overnight at 37 °C RNase free DNase (Promega, Madiso,

WI) was added to degrade the DNA template and left at 37 °C for 2 h.

DNase reaction was quenched by addition of 95% formamide with trace bromphenol blue,
xylene cyanol and 40 mM EDTA at 60 °C for 5 min, then loaded to a 15% polyacrylamide gel
containing 6 M urea and run at 40 watts for 4.5 h until dye ran to bottom of gel. Gels were then
collected and visualized using UV shadowing over TLC plates to identify product bands. Bands
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were then excised and crushed, then added to 15 ml 300 mM sodium acetate (pH 5) overnight
at 4 °C with rocking.

Solutions were filtered through a 0.22 um filter (Corning, 50ml Tube Top Filter) and precipitated
with 40 ml cold 100% ethanol before storage at -80 °C for 1-2 h. Next, sgRNA was pelleted at
4000 g for 45 min, washed with 70% ethanol, and dried via speed vacuum.

RNA was then refolded by heating in the presence of buffered MgCl, and allowed to cool before
storage at -80°C.

Encapsulation in MS2

Encapsulation was carried out in 20 mM Bis-Tris buffer, pH 6.0. A 10 mg/mL solution of MS2
coat protein (~720 uM monomer concentration) in BT buffer was mixed 2:1 vol/vol with glacial
acetic acid pre-chilled on ice. The reaction mixture was incubated on ice for 30 minutes and
white precipitate was observed. The solution was spun down using a microcentrifuge at 13,200
rcf for 15 min at 4 °C. The supernatant was loaded onto a Nap5 desalting column equilibrated
with chilled 1 mM acetic acid. The protein was eluted with 1 mM acetic acid and the fractions
containing protein (by absorbance at 280 nm) were pooled. MS2 was added to sufficient BT
buffer such that the final MS2 monomer concentration was 15 uM, and Cas9 or control targets
such as bacterial alkaline phosphatase (PhoA) were added to a final concentration of 1 uM
unless otherwise noted. TMAOQO in BT buffer was added to a final concentration of 1.8 M. The
reassembly was allowed to proceed at 4 °C without stirring for 36 — 48 h before precipitation
with a 1:1 volume ratio of saturated ammonium sulfate. Precipitation ran for a minimum of 90
min before the capsids were collected via centrifugation for 45 min at 17,000 rcf, 4 °C.
Precipitated capsids were then re-suspended in ~50 uL 10 mM phosphate buffer, pH 7.2 and
concentration measure via nanoDrop UV/Vis.

Synthesis of Cas9- -NHS Fluorophore conjugates

A solution of 5 mM Cas9- in 50 mM pH 7.5 phosphate buffer was prepared and combined with
NHS-AlexaFluor 568 (Life Technologies, Carlsbad, CA) from a 1 mM DMSO stock (50 equiv.). The
mixture was briefly vortexed, and the reaction was allowed to proceed at room temperature
for 1.5 h. The excess dye molecules were removed by spin concentration with a MWCO of 30
kDa (Millipore, Billerica, MA) in 10 mM pH 7.0 phosphate buffer. The resulting Cas9 -
fluorophore conjugates contained 1-5 dye per protein molecule, as quantified by absorbance
on a nanoDrop and ESI-TOF.

Generation of MS2 dual mutant library

Much of this work appears previously.*?

Strains. MegaX DH10B Escherichia coli electrocompetent cells (ThermoFisher Scientific, catalog

no. C640003) were used for all library experiments, and DH10B chemically competent cells

produced in house were used for expression of individual variants of interest. Overnight

cultures from a single colony were grown for 16-20 h at 37 °C while being shaken at 200 rpm in

LB-Miller medium (Fisher Scientific, catalog no. BP1426-2) with 32 mg/L chloramphenicol.

Expressions were subcultured in a 1:100 ratio into 2xYT medium (Teknova, catalog no. Y0210)
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with 32 mg/L chloramphenicol and allowed to express overnight at 37 °C while being shaken at
200 rpm.

Library Generation. To generate libraries with two-amino acid mutations in the FG loop, we
modified a library generation strategy developed by the Bolon lab, known as EMPIRIC cloning.*3
EMPIRIC cloning uses a plasmid with a self-encoded removable fragment (SERF) surrounded by
inverted Bsal restriction sites. With this setup, Bsal digestion simultaneously removes both SERF
and Bsal sites. These plasmids are termed entry vectors, and the SERF in this study encodes
constitutively expressed GFP to permit green/white screening. We used a previously described
entry vector that replaced a 26-codon segment flanking the FG loop in the MS2 CP with the
SERF.#¥44 Single-stranded DNA primers with all 15 combinations of degenerate codons were
purchased, enabling overlap extension polymerase chain reaction (PCR) to generate double-
stranded DNA with all possible pairwise combinations in this six-residue region. These primers
were resuspended in water, pooled, and diluted to a final concentration of 50 ng/uL. The
reverse strand was filled in by overlap extension PCR with a corresponding forward primer. The
amplified, double-stranded DNA was purified using a PCR Clean-up Kit (Promega, catalog no.
A9282). The purified DNA was diluted to 1-5 ng/uL and cloned into the described entry vector
using established Golden gate cloning techniques.* The ligated plasmids were desalted on
membranes (Millipore Sigma, catalog no. VSWP02500) for 20 min and then transformed into
MegaX DH10B E. coli electrocompetent cells (ThermoFisher Scientific, catalog no. C640003).
Following electroporation and recovery, cells were plated onto two large LB-A plates (VWR,
catalog no. 82050- 600) with 32 pg/mL chloramphenicol and allowed to grow at 37 °C
overnight. The colony number varied, but every transformation yielded a number of colonies
that was at least 50 times greater than the library size. This protocol was repeated in full for
three total biological replicates that are fully independent from library generation through
selection.

Size Selection. Colonies were scraped from plates into LB-M and allowed to grow for 2 h. Each
library was then subcultured at a 1:100 ratio into 1 L of 2xYT (Teknova, catalog no. Y0210) and
allowed to grow to an OD600 of 0.6, when they were induced with 0.1% arabinose. Libraries of
variants were expressed overnight at 37 °C. Cultures were then harvested, resuspended in 10
mM phosphate buffer (pH 7.2) with 2 mM sodium azide, and sonicated. Libraries were
subjected to two rounds of 50% (w/v) ammonium sulfate precipitation, followed by fast protein
liquid chromatography (FPLC) size exclusion chromatography purification to select for well-
formed VLPs.

FPLC SEC (assembly selection). MS2 CP libraries or individual variants were purified on an Akta
Pure 25 L FPLC system with a HiPrep Sephacryl S-500 HR column (GE Healthcare Life Sciences,
catalog no. 28935607) size exclusion chromatography (SEC) column via isocratic flow with 10
mM phosphate buffer (pH 7.2), 200 mM sodium chloride, and 2 mM sodium azide. Fractions
containing MS2 coat protein were collected for further analysis.
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Heat Selection. Following assembly selection (FPLC purification), libraries were incubated at 50
°C for 10 min. The buffer from FPLC purification [10 mM phosphate buffer (pH 7.2), 200 mM
sodium chloride, and 2 mM sodium azide] was used for these studies. Precipitated VLPs were
pelleted by centrifugation, and well-formed VLPs were isolated by semipreparative high-
performance liquid chromatography (HPLC) SEC. Fractions containing VLP were combined and
subjected to RNA extraction, barcoding, and high-throughput sequencing.

Cell Culture Protocols

All mammalian cell cultures were maintained in a 37°C incubator, at 5% CO2. HEK293T (293FT;
Thermo Fisher Scientific, #R70007) human kidney cells and derivatives thereof were grown in
Dulbecco’s Modified Eagle Medium (DMEM; Corning Cellgro, #10-013-CV) supplemented with
10% fetal bovine serum (FBS; Seradigm, #1500-500), and 100 Units/ml penicillin and 100 pg/ml
streptomycin (100-Pen-Strep; GIBCO #15140-122).

HEK-RT1 and HEK-RT6 cells were produced as previously described*® and tested for absence of
mycoplasma contamination (UC Berkeley Cell Culture facility) by fluorescence microscopy of
methanol fixed and Hoechst 33258 (Polysciences #09460) stained samples.

Preparation of Cas9 for cell culture trials. Cas9 RNP was prepared based on previously
described methods #’. To prepare the Cas9 RNP complexes, modified Cas9 protein was
incubated with sgRNA at a 1:1.2 molar ration. Briefly, we added sgRNA to Buffer #1 (25mM
NaP;, 150 mM NaCl, 200 mM trehalose, 1 mM MgCl,), then added the Cas9 to the sgRNA, slowly
with swirling, and incubated at 37 °C for 10 min to form RNP complexes. RNP complexes were
filtered prior to use through a 0.22 um Costar 8160 Filter pre-wet with 200 pL of Buffer #1. If
needed, the RNP sample was concentrated with a 0.5 mL Millipore Ultra 100 kDa cutoff filter,
part # UFC510096, until the desired volume was obtained.

Human Endothelial Kidney (HEK) cell line assay. HEK cells were treated based on a
previously described protocol*’. Briefly, NPCs were isolated from cortices from embryonic day
13.5 Ai9-tdTomato homozygous mouse embryos. Cells were cultured as neurospheres in NPC
medium: DMEM/F12 with glutamine, Na-Pyruvate, 10 mM HEPES, non-essential amino acid,
penicillin and streptomycin, 2-mercaptoethanol, B-27 without vitamin A, N2 supplement, bFGF
and EGF, both 20 ng/ml as final concentration. NPCs were passaged using MACS Neural
Dissociation Kit (Papain) cat# 130-092-628 following manufacturer’s protocol. bFGF and EGF
were refreshed every other day and passaged every 6 days. The NPC line was authenticated by
immunocytochemistry marker protein staining. They were tested for mycoplasma using
Hoechst stain with visual analysis and were negative.

Direct delivery of Cas9 RNP. To test direct delivery of Cas9 ribonucleoprotein (RNP)
complexes, RNPs targeting the STOP cassette at the tdTomato locus of cells derived from Ai9-
tdTomato transgenic mice (sgRNA-298, 5'-AAGTAAAACCTCTACAAATG-3’)* were pre-assembled.
Assembled RNPs were added to the media of Ai9 neural progenitor cells (NPCs) and incubated
for 24 h. Cells were then washed twice with 200 U/ml heparin in DMEM-based media and allowed
to grow for an additional 24-48 h before analysis. The total amount of RNP per well of a 96-well
plate was titrated from 10 pmol to 100 pmol. Percentages of tdTomato-positive (successfully
edited) NPCs were quantified by flow cytometry (Attune Nxt acoustic focusing cytometer,
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Thermo Fisher Scientific) with tdTomato fluorescence measured at the 561nm laser line using the
integrated analysis tool (Attune NxT software, v3.1.0). We routinely acquired at least 10,000-
30,000 events per sample.
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2.7 Supplemental Figures

150 kd

Purified MS2224

200 bp

100 bp

Supplementary Figure 1. Protein and sgRNA Gels A) Cas9 Purification starting from crude lysate (1) through NiNTA purification
(2) TEV cleavage and subsequent nickle cleanup (3) and final gel filtration (3). B) Purified MS2 running at 13kd. C) UV shadow of
sgRNA produced from IVT, the large band at top is the desired product. D) Gel analysis of IVT DNA templates produced via PCR.

Clear bands at 131, 151, and 161 indicate success.
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162748.00

Purified Cas9
Expected Mass: 162749

161736.00
I I I | I | LI}
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Mass (Da)

Supplementary Figure 2: ESI-TOF spectra for Cas9 expression after TEV cleavage of MBP.

Isolated peak at 162748 Da closely matches the expected mass of 162794 Da.
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exclusion, showing enrichment or loss in blue and red respectively. Each square represents two
residues that were co-varied in the analysis, with the axis on left representing all 20 amino acids
at the first position, and the bottom axis representing all 20 amino acids at the second position.
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Supplemental Figure 4- library heatmap after exposure to RNase conditions. Enrichment or loss
shown in blue and red respectively while grey represents insufficient reads of the given mutant
to detect. Each square represents two residues that were co-varied in the analysis, with the axis
on left representing all 20 amino acids at the first position, and the bottom axis representing all
20 amino acids at the second position. The consistency of proline residues in these assays

shows potential protective effect.
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Supplemental Figure 5 — plot of relative abundance of each double mutant in the RNase and
Benzonase challenges. Mutants enriched in both appear in the top right corner of the figure in
the red square.
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IConstruct WT 71S 76G 72K 74H 71G 73K 71G 76N 72G 76S 75P 76N
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Supplemental Gel 1- polyacrylamide urea gel showing MS2 mutants exposed to RNase and

Benzonase. Samples were incubated for 30 min at RT prior to extraction and visualization of

remaining RNA. Sample names indicate identity of isolated MS2 double mutant.
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Construct
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72K 74H 72P 74Q

-
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. : g~
4 A | o ; v -
Supplemental Gel 2- polyacrylamide urea gel showing MS2 mutants exposed to RNase and
Benzonase. Samples were incubated for 30 min at RT prior to extraction and visualization of
remaining RNA. Sample names indicate identity of isolated MS2 double mutant.

A
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Construct WT 72K 74T 72R 74A 72P74D
RNase -+ - - -+ -] - -+ |- - -+ -] -
Benzonase -l -+ | - - -+ | - - -+ - -l -+ -
Serum

Supplemental Gel 3- polyacrylamide urea gel showing MS2 mutants exposed to RNase and
Benzonase. Samples were incubated for 30 min at RT prior to extraction and visualization of
remaining RNA. Sample names indicate identity of isolated MS2 double mutant.
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Chapter 3. Site-specific bioconjugation through enzyme catalyzed
tyrosine-cysteine bond formation

Abstract:

The synthesis of protein-protein and protein-peptide conjugates is an important capability for
producing vaccines, immunotherapeutics, and targeted delivery agents. Herein we show that
the enzyme tyrosinase is capable of oxidizing exposed tyrosine residues into ortho-quinones
that react rapidly with cysteine residues on target proteins. This coupling reaction occurs under
mild aerobic conditions and has the rare ability to join full-size proteins in under 2 h. The utility
of the approach is demonstrated for the attachment of cationic peptides to enhance the
cellular delivery of CRISPR-Cas9 by 20-fold, and for the coupling of reporter proteins to a
cancer-targeting antibody fragment without losing its cell-specific binding ability. The broad
applicability of this technique provides a new building block approach for the synthesis of
protein chimeras.

Reproduced with permission from Christof Fellmann, Alan M. Marmelstein, Johnathan C. Maza,
Elijah N. Kissman, Stephanie A. Robinson, Brett T. Staahl, Cole Urnes, Rachel J. Lew, Casey S.
Mogilevsky, Jennifer A. Doudna, Matthew B. Francis. Site-specific bioconjugation through
enzyme catalyzed tyrosine-cysteine bond formation. ACS Central Science, 6, 1564—-1571 (2020).
Copyright 2020 American Chemical Society
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3.1 Tyrosinases for protein modification

The covalent modification of proteins while preserving native function has long been a
goal of chemical biology research®=3. Unfortunately, it can be difficult to target chemically
distinct functional groups in protein sequences, leading to heterogeneous product mixtures
with many modification strategies. This challenge is particularly notable for the synthesis of
protein-protein and protein-peptide conjugates, which can serve as highly valuable constructs
for vaccines, immunotherapy agents, signaling peptides with enhanced circulation properties,
and targeted delivery vehicles. Currently, the coupling of two biomolecules is usually achieved
using heterobifunctional crosslinking agents (which are rarely site-selective for both reactive
species)! or Click-type reactions* between bioorthogonal functional groups® that must be
introduced using artificial amino acid incorporation, metabolic engineering, or additional
synthetic steps. The coupling of native functional groups on proteins and peptides can be
achieved through native chemical ligations and sortase-based techniques®’, but these
approaches can only be used at the N- and C-termini and can limit the quantities of
bioconjugates that can be obtained. In some cases it is possible to fuse multiple protein
sequences at the genetic level for recombinant expression®®. While this is a time-tested
approach for producing chimeric proteins, such methods often require significant engineering
to determine optimal linker lengths'®, can encounter folding problems during the expression of
constructs of increasing size!?, and are again limited to attachment via the N and C termini.

In this report, a new method is described for the efficient generation of protein-peptide
and protein-protein conjugates through the direct coupling of solvent-exposed tyrosine
residues to cysteine sulfhydryl groups. This reaction requires only catalytic amounts of
tyrosinase and adventitious oxygen, affording complex, multicomponent bioconjugates in
under 1 h under mild reaction conditions and low stoichiometric excess. This strategy is
demonstrated as a convenient method for the installation of cell penetrating peptides on
proteins, such as Cas9, and the coupling of entire protein domains. Most importantly, this
reaction demonstrates the very rare ability to couple full-size proteins together through
positionally defined linkages using native amino acids, providing a powerful new tool for the
construction of multifunctional biomolecular constructs.

3.2 Tyrosinase background and oxidative coupling

In previous work, our lab has shown that proteins bearing aniline and N-terminal proline
nucleophiles can be modified with o-quinone and o-iminoquinone electrophiles in high
yields!213, The oxidized intermediates in these reactions have typically been generated through
the in situ oxidation of o-aminophenols or similar species using periodate!? or ferricyanide
anions!3, While effective in many contexts, these stoichiometric reagents can exhibit collateral
oxidation of methionine thioethers and surface exposed cysteines to varying degrees. A recent
breakthrough in this chemistry has involved the use of the tyrosinase enzymes to generate the
same reactive o-quinone electrophiles using simple phenols and oxygen!4. The small amount of
molecular oxygen that is dissolved in the buffers is sufficient for the reaction to proceed, and
water is the only byproduct. This reaction addresses two important limitations of the previous
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versions of this chemistry. First, it is no longer necessary to prepare and install the oxygen-
sensitive o-aminophenol and o-catechol groups; instead, simple tyramine and tyrosine
derivatives can be used. Second, the need for an additional oxidant that must later be removed
is avoided. Importantly, the enzymatic method for triggering these reactions is selective for
phenols that are exposed in solution and does not cause off-target oxidation of sensitive
functional groups.

It has been known for some time that tyrosinases can act upon tyrosine residues in
proteins and peptides?®. Typically these reactions have been used to achieve protein
crosslinking at high substrate concentrations, involving indiscriminate conversion of tyrosine
residues within the peptide backbone to o-quinines followed by reactions with a variety of
nucleophiles'®'°, Previous reports have followed reaction progress using UV or other
spectroscopic analyses, and have explored the impact of tyrosine oxidation on enzyme activity;
however the sequence specificities and sites of oxidation have not been characterized well. In
terms of site-selective coupling chemistry, other labs have recently shown that tyrosine-tagged
immunoglobulins can be oxidized and subjected to subsequent hetero-Diels-Alder reactions
with cyclooctynes??, and abTYR has been used to activate an ovalbumin peptide tag for coupling
to substituted boronic acids?l. Work from our lab has showed that abTYR and a new tyrosinase
derived from Bacillus megatarium can activate phenols in both small molecule and protein
substrates for coupling to N-terminal proline residues and anilines (Figure 1a, top and bottom
reaction pathways)#?2, Taken together, these studies highlight the utility of tyrosinase
enzymes to generate transient o-quinone electrophiles in dilute aqueous solutions, allowing
highly chemoselective couplings that are not realized at the higher substrate concentrations
evaluated previously.

Key to the present work is the observation that cysteine thiols on full-size biomolecules
participate readily in this chemistry at low equivalencies, allowing the first general coupling
reaction for two native and readily encodable functional groups on protein surfaces (Figure 1a,
middle pathway). Although we have known that these residues can participate in oxidative
coupling reactions to varying degrees, the reliance on stoichiometric oxidants in our previous
studies led to numerous reaction byproducts that are completely avoided using the new
tyrosinase oxidation system. Other reports have noted reactivity between small molecule thiols
and o-quinones, but with minimal product characterization?3?4,

3.3 Tyrosinase and MS2

In the context of site-selective bioconjugation, this reactivity pathway was first tested
on genome-free MS2 bacteriophage capsids bearing N87C mutations in each of the subunit
proteins?>2%, Each of these assemblies provides 180 cysteine residues facing the inside of a 27
nm sphere?’. The capsid structures possess a series of 2 nm pores that are large enough for
peptides and small molecules to access the inner surface (Figure 1b)26282° Modification was
achieved by exposing 10 uM (based on monomer) MS2 N87C to 200 uM a-endorphin peptide
(Figure 1c) in the presence of 167 nM abTYR for 30 min at room temperature in 20 mM
phosphate buffer, pH 6.5. Clean conversion of each capsid monomer to a single peptide
conjugate was observed (Figure 1d). This represents the installation of >170 peptide groups
inside each capsid despite the high degree of steric crowding. Subsequent exposure to the
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common cysteine capping reagent N-ethylmaleimide (NEM) showed no further modification
(Figure 1e, Figure S1), supporting the cysteine selectivity of the reaction. Similarly, no a-
endorphin addition was observed for MS2 N87C that had been previously coupled to NEM, and
there was no modification of wild type MS2 capsids lacking exposed cysteine residues (Figure
S1). Equally importantly, there was no background oxidation observed on any of the MS2
proteins, which each contain four tyrosine residues (Figure 1c, Figure S1). This is presumably
because tyrosine residues embedded in secondary and tertiary structural elements cannot
access the deep binding pocket of the enzyme active site®°. These results demonstrate that
covalent bonds can be formed between these two native amino acid residues using an efficient
and operationally simple procedure.
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Fig. 1. Tyrosinase-mediated oxidative coupling reactions. (a) Phenols are oxidized by tyrosinase to yield
o-quinone intermediates that couple with a variety of nucleophiles on biomolecules. In this work, the
addition of cysteine thiolates is explored (shown in red). (b) An MS2 viral capsid is shown, with 180
interior cysteine residues (N87C) indicated in red. PDB ID: 2MS2. Pores in the capsid shell allow the entry
of peptides and small molecules. (c) The structure of a-endorphin is shown, with the targeted tyrosine
residue in blue. (d-f) Coupling reactions were screened using ESI-TOF MS, showing full modification of
the MS2 N87C capsid without off-target oxidation. Reaction conditions: pH 6.5 phosphate buffer, RT, 30
min. Expected mass values: MS2 N87C [M+H]* = 13719; MS2 N87C—N-ethylmaleimide (NEM) adduct
[M+H]* = 13844; MS2 N87C—endorphin o-hydroquinone product [M+H]* = 15521.

3.4 NMR and modelling of tyrosinase thiol adducts

In order to characterize the chemical structure of the bioconjugation product, we
conducted NMR experiments for a small molecule analog. Somewhat surprisingly, the product
results from thiol addition to the 5 position of the o-quinone ring (numbering from the amino
acid connection point as shown in Figure 1a), and it remains predominantly in the catechol
form (Figure 2a, Figures S2, S3). Additional MS data further support the catechol structure. This
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product contrasts with the previously observed structures of proline and aniline additions to o-
guinone species that add at the 6-position and tend to remain in the oxidized quinone form
(Figure 1a)'?714, MS data confirmed that the thiol addition products on larger biomolecules also
existed predominantly in the reduced catechol form.

To establish the degree of quinoid versus catechol nature of the product further, we
exposed both thiol and N-terminal proline coupling adducts of Y200C GFP to CH3ONH;
(methoxyamine) overnight to effect oxime formation with any ketone groups that were
present, as has been recently shown3!. Notably, only the proline adducts exhibited any
detectable reactivity to the methoxyamine, (Figure S4).

The energetics of the o-quinone-thiol coupling reaction were investigated using DFT
calculations. Briefly, geometry optimized structures were evaluated using B3LYP-D3/6-31G** to
obtain vibrational spectra, and ®B97M-V/6-311G**3df-3pd was used to obtain accurate ground
state electronic energies3?. These results were combined to yield estimates of the
thermodynamic parameters for the reaction. A CPCM solvent model33-3> was used for all of the
calculation results appearing in Figure 2b; gas phase versions of the same calculations are
included in Figure S5. This study indicated that the reaction is highly favorable (AH® = -38.0
kcal/mol and AG® = — 25.3 kcal/mol), which is a common feature associated with Click-type
reactions and serves to validate why the reactions proceed despite the high degree of building
steric bulk®. For comparison, the addition of a thiol nucleophile to a maleimide group affords
more modest values (AH° = —24.4 kcal/mol and AG° = —10.1 kcal/mol) using the same
computational approach (Figure S5). Calculations were also used to compare the relative
oxidation propensities for the initial thiol- and aniline-addition products relative to a methyl-
substituted o-quinone. While such an equilibrium was strongly favorable for the formation of
the oxidized aniline product (Figure 2c), it was disfavored for the thiol addition product (Figure
2d). This relative comparison is in line with the observation that the thiol addition product
remains predominantly in the reduced catechol form.
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Fig. 2. Structural analysis of thiol-o-quinone coupling products. (a) ROESY *H NMR data (900 MHz) show
a clear correlation between proton A and the corresponding signals from both the alkyl chain in N-
acetylcysteamine (F) and the N-acetyltyrosine alkyl chain (E,G). (b) The energetics of the coupling
reaction were estimated using DFT calculations. Geometry optimization and vibrational spectral
calculations were conducted using B3LYP/6-31G**, and final electronic energies were calculated using
wB97M-V/6-311G**3df-3pd. A CPCM solvation model was used in these calculations (see Supporting
Information for details and molecular coordinates). These data were combined to obtain the reported
thermodynamic values. For comparison purposes, the reaction energies and equilibrium constants were
estimated using this approach for the oxidation of the initial (c) aniline and (d) thiol coupling products
with a methyl-substituted o-quinone.

3.4 Tyrosinase stability studies and substrate screening

To test protein conjugation product stability, we subjected a-endorphin modified MS2
to buffers ranging from pH 5 to pH 8, potassium ferricyanide, 5 mM tris-carboxyethyl phosphine
(TCEP), and 5 mM n-mercaptobutanol for up to 6 days at room temperature. None of the
conditions led to greater than 5% loss of the attached peptides (Supplementary Table 1, Figure
S6). Additionally, GFP modified with an RRRRY peptide showed no reversion when kept at 37 °C
for up to 7 days, even when exposed to up to 4 mM glutathione (GSH). It should be noted that
small amounts of GSH and other small molecule thiols were shown to add into the o-
hydroquinone ring over the course of several days (Figure S7), presumably after aerobic
oxidation to form small equilibrium amounts of the o-quinone; however, these adducts did not
appear to affect the integrity of the linkage formed in the initial coupling reaction.
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Stability tests were also conducted in human blood serum after coupling Y200C sfGFP to
a biotin moiety through either maleimide- or tyrosinase-based conjugation. The resulting
samples were kept in the serum at room temperature or at 37 °C for up to 7 days. At several
time points during incubation, aliquots were removed and subjected to streptavidin bead
capture, followed by a final elution using 80% acetonitrile (ACN), 5% formic acid (FA) and 2 mM
biotin (Figure $8)3¢. We found that the maleimide coupled product decreased over time, and at
7 days was no longer detectable in either sample (Figure S9). This result is consistent with
literature observations for these types of adducts on antibodies and other proteins®’. In
contrast, the tyrosinase-coupled product was recovered throughout the course of the
experiment, indicating that the tyrosinase coupling product has substantially greater stability in
serum.

In addition to a-endorphin (Figure 3a), the tyrosine-cysteine coupling chemistry has
proven remarkably successful for the site-selective attachment of additional peptides. Both
super-folder GFP (sfGFP) bearing the Y200C mutation (GFP Y200C, Fig. 3a,b) and the N87C MS2
coat protein (Figure S10) were coupled to tyrosines at the ends of peptides derived from
interleukin-13 (IL-13), the Simian Vacuolating Virus 40 (SV40) large T-antigen3®3°, HIV Tat*°, and
polyarginine?® with excellent conversion (Fig. 3b). It is important to note that N-terminal
acylation or an additional glycine was needed in these cases to prevent dopachrome-like
cyclization of the oxidized N-terminal tyrosine residues. Substrate compatibility tests using the
tyrosinase activation/thiol addition protocol also showed that small molecule phenols, including
biotin, rhodamine, and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) all
resulted in high conversion of the starting protein to the expected products within 30 min
(Figure S11). Some secondary adducts were observed with these small molecule substrates for
sfGFP, which are believed to be the products of competing N-terminal modification (Figure
S11)*4. The diversity of small molecules and peptides compatible with this coupling strategy
demonstrates the utility of the reaction as a general tool for protein modification. Our previous
studies of aniline-based oxidation coupling reactions have indicated that o-quinone formation is
rate-limiting®!. This is likely the case for the thiol additions as well, complicating the calculation
of the second-order rate constant for the key coupling step. Even considering the enzymatic
activation requirement, these reactions still reach completion in 1 h with coupling partner
concentrations well below 100 puM.

3.5 Delivery of Cas9 and protein fusions

An application of this chemistry for the modification of large proteins and enzymes was
demonstrated for CRISPR-Cas9 ribonucleoprotein (RNP) complexes. Cas9, an RNA-guided DNA
endonuclease used widely for genome editing, contains two surface cysteines at positions 80
and 574, thus providing two native bioconjugation handles for peptide attachment. To generate
a modified form of Cas9 bearing two peptides, coupling reactions were conducted using Cas9
bearing two copies of the SV40 large T-antigen nuclear localization sequence (NLS) to facilitate
nuclear entry. Quantitative conversion was observed to the doubly modified protein in both the
apo and RNA bound forms (Figure 3c). Importantly, tyrosinase-modified Cas9 RNPs fully
retained their target cleavage activity when compared to unmodified Cas9 RNPs (Figure 3d).
Building off of the success of peptide conjugates, we applied the tyrosinase conjugation method
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to the coupling of whole protein domains. We found that tyrosinase could be used to ligate
Cas9 to green fluorescent protein with no detriment to DNA cleavage ability (MYGGS-GFP,
Figure 2c,e, Figure S12). It is important to note that the mass spectral data revealed no
evidence of Cas9 oxidation, nor did they indicate significant amounts of off-target modification.
These experiments underscore the exquisite chemoselectivity of this reaction as the Cas9
constructs contain 158 lysine and 58 tyrosine residues in addition to representatives of the 18
other native amino acids, providing ample opportunities for off-target reactions. Despite having
a highly reactive system, this method has exceptionally predictable conjugation outcomes.

65



27549 (Unmod)

- GFP Y200C

Y 4 4 . )

%,p 7 %SH (starting protein)
. !'?: PDB ID: 5861
R

M.
T T T T 1
27549 (Unmod)
10 uM GFP Y200C

+ 167 nM tyrosinase
(mock experiment)

T T T 1
29348 (+ 1 Peptide)
10 uM GFP Y200C
+ 100 uM a-endorphin

(ACYGGFMTSEKSQTPLVT)
+ 167 nM tyrosinase

31147

I
27000 28000

1
32000

I
31000

I I
29000 30000
reconstructed mass

SpyCas9 ¢
(PDBID: 5F9R) '}
R
165807 (nmod)
starting Cas9-4NLS
1 ) 1
169411 (+2 Peptide)
2 10 uM Cas9-4NLS
& + 100 uM a-endorphin
oy + 167 nM tyrosinase
&
1 I 1
193822 (+1 GFP)
10 uM Cas9-4NLS
+ 20 uM MYGGS-GFP
+ 167 nM tyrosinase
A A A
1 T 1
160000 180000 200000 220000
reconstructed mass

27i49 (Unmod)
A

29486 (+ 1 Peptide)

10 uM GFP Y200C

+ 100 pM Tat peptide
(ACYGRKKRRQRRRPPQ)
+ 167 nM tyrosinase

T

ESI-TOF MS

27549 (Unmod)

T T T 1

29733 (+ 1 Peptide)

10 uM GFP Y200C

+ 100 uM 2SV40 peptide
(AcYGGKKKRKVGGSPKKKRKV)
+ 167 nM tyrosinase

29148 (+1 Peptide)

10 uM GFP Y200C

+ 100 pM R8 peptide
(AcCYGGRRRRRRRR)

+ 167 nM tyrosinase

I I I 1
29482 (+ 1 Peptide)

10 uM GFP Y200C
+ 100 pM IL13 peptide
(AcYGGYACGEMGWVRCGGSK)

+ 167 nM tyrosinase

A

T
28000

T T T 1
29000 30000 31000 32000

27000
reconstructed mass
apo-Cas9 RNP RNP
Construct + endorphin + endorphin mock
[Cas9] (UM T— 0 1 01— 0
uncleaved || o
t t
arge --- _--- --.-
cleaved -
product
Cas9 RNP Cas9-RNP
construct mock + MYGGS-GFP
[Cas9] (uM) 1 — 01— O
e
uncleaved || « %
target
= - - -
- - -
cleaved || . Y-
product -
-y s

Fig. 3. Synthesis of protein-peptide and protein-protein conjugates using thiol-directed enzymatic
oxidative coupling reactions. (a,b) A superfolder GFP thiol mutant (Y200C) was used as a protein
component to evaluate peptide coupling reactions. All reactions were run for 30 min at RT and
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characterized using ESI-TOF MS. (c,d,e) A CRISPR-Cas9 variant with two C-terminal and four N-terminal
nuclear localization sequences (Cas9-4NLS) was modified with peptide and protein coupling partners.
Cas9 has two surface thiols (cys 80 and cys 574, red in the attached structure) in the native sequence. (c)
ESI-TOF MS data indicated complete coupling at both sites with the a-endorphin peptide. The coupling
reaction was successful even when the coupling partner was superfolder GFP bearing an exposed
tyrosine residue near the N-terminus (MYGGS-GFP). All Cas9 couplings were run on ice for 1 h. (d) The
site-specific DNA cleaving ability of the Cas9-peptide conjugate was unchanged relative to an untreated
control. This was true when the pre-assembled ribonucleoprotein (RNP) was modified directly, or when
the RNA-free protein (apo-Cas9) was used for the modification reaction. In the latter case, the single
guide RNA strand was added before the DNA cleavage experiment. (e) The Cas9-GFP conjugate retained
site-specific DNA cleaving ability despite the high degree of added steric bulk.

With these results in hand, we examined whether we could attach peptides capable of
mediating Cas9 delivery. A genetic fusion of four consecutive SV40 NLSs to the N-terminus of
Cas9 bearing two additional C-terminal NLSs has been shown to enable delivery of Cas9 RNPs to
human neural progenitor cells (NPCs) in culture and in vivo3®. However, the production of such
complexes is lengthy, requires dedicated cloning and protein purification, and limits the
locations of the delivery peptides to the native N- and C-termini. Moreover, most commercially
produced Cas9 RNPs demonstrate little-to-no cell penetrating capabilities38. Thus, we examined
whether standard Cas9 RNP complexes could be chemically modified with peptides or proteins
for editing in human NPCs38. Three different cell-penetrating peptides were coupled to the
native cysteine residues of a Cas9 RNP bearing two C-terminal NLS sequences, which does not
appreciably edit cells in the NPC assay on its own (Figure 4a). After the reaction, ESI-TOF MS
analysis confirmed that two copies of each tested peptide coupled quantitatively to Cas9
(Figure S13). These constructs, plus CasORNP with sfGFP, were then assayed for their editing
efficiencies*?>=*°. Cas9 conjugates bearing +36 GFP proteins precipitated upon guide RNA
addition, and thus could not be evaluated in this experiment. The CasORNP construct bearing
two 25V40 peptides (each peptide is composed of two consecutive SV40 NLSs) showed a 20-
fold increase in editing efficiency (Figure 4a and Figure S14) relative to the unmodified 2NLS-
Cas9RNP. This indicates that the delivery of Cas9 RNP can be mediated by direct peptide
coupling to the protein surface of a readily available standard Cas9 protein. The addition of
other peptides and sfGFP did not improve editing efficiency. In addition, experiments involving
the original 4NLS Cas9 construct showed successful modification, but the added protein
domains did not increase editing activity further (Figure S15).

Though Cas9-GFP conjugates showed no change in cell uptake, the capability to couple
two protein domains so efficiently presents an attractive prospect that has been pursued for
some time by the field. To test the scope of the reaction, we generated versions of nano-
luciferase (nanoLuc) and a HER2 binding scFv with tyrosine tags and combined them with Y200C
sfGFP. The nanoLuc was produced with either an N-terminal or C-terminal tag, and coupling
was performed using 10 uM nanoLuc with 20 uM Y200C GFP in pH 6.5 phosphate buffer for 30
min at RT. Both constructs yielded over 80% conversion, (as determined using ESI-TOF MS) to
the singly modified nanoLuc-GFP conjugates (Figure S16). The reaction was similarly successful
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for the coupling of Y200C sfGFP (~7 uM by absorbance at 485 nm using an extinction coefficient
of 83,300 M*cm™) to a HER2-binding short chain variable fragment (scFv)-GGSY construct (5
KUM) in pH 6.5 phosphate buffer at room temperature for 30 min. These conditions
guantitatively converted the scFv into a tagged GFP (Figure 4b,c). Tagged GFP constructs were
then incubated with resuspended HER2* and HER2™ cells (SK-BR-3 and MDA-MB-468,
respectively), at 2 ug per 100 uL of cell suspension. Binding was tracked via flow cytometry,
where the scFv-GFP construct bound specifically to HER2 expressing cells, but not HER2-
negative cells (Figure 4d). No cellular fluorescence was observed with either GFP alone or in
controls where GFP was not coupled to the scFv (Figures S17, S18). These and corresponding
control experiments showed that only highly exposed tyrosines near the N- or C-termini are
capable of participating in the reaction due to the lack of further substrate oxidation?2. This was
quite important, as the scFv is known to have 15 native tyrosine residues, with 8 located in the
antigen binding site*®. Furthermore, these results demonstrate the utility of tyrosinase
mediated conjugation for site-specific protein-protein coupling while preserving targeted
immunoglobulin binding affinity.
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Fig. 4. Evaluation of tyrosine-cysteine bioconjugates in cell culture assays. (a) Evaluation of
modified CRISPR-Cas9 ribonucleoproteins (RNP) for gene editing in neural progenitor cells. The
assay measured the increase in fluorescent protein expression following successful editing at a
tdTomato locus. Cas9 modified with two copies of the SV40 nuclear localization sequence
(Cas9-25V40) showed a 20-fold increase in editing efficiency compared to unmodified Cas9.
Data were collected at 72 h post-treatment. Error bars show the standard deviation of
triplicates. (b) The coupling reaction was successful for the coupling of GFP Y200C to a HER2-
binding scFv-GGY construct, as measured by ESI-TOF. The observed product mass was
consistent with the linkage depicted in (c). (d) Flow cytometry analysis of SK-BR-3 (HER2*) and
MDA-MB-468 (HER2™) breast cancer cells treated with the Trastuzumab scFv-sfGFP construct
showed HER2 specific cell binding. Gating and statistics are shown in Figure S18.

3.6 Conclusion

This study establishes that tyrosinase activation can achieve site-specific protein-protein
coupling through the formation of cysteine-tyrosine linkages. This simple approach allows for
the targeted modification of proteins with a diverse array of molecules in potentially any
desired location using an inexpensive, commercially available enzyme as the catalyst. It does
not require additional modification steps or exposure to aggressive reaction conditions,
conserving protein folding and function. It also offers the advantage of moving the attachment
sites by changing the location of the introduced thiol component, which is an inherent
advantage of cysteine-based modification chemistry. In particular, the success of Cas9 delivery
via peptide conjugation highlights a potential application for tyrosinase mediated coupling to
facilitate the screening of candidate peptides for the cellular entry of large biomolecules
without the need to clone, express, and purify individual genetic fusions for each combination.
Finally, its ability to couple full-sized proteins together with high yields and minimal
stoichiometric excesses suggests broad potential for the generation of protein chimeras for
biotherapeutic, vaccine, and bioanalytical applications.

3.7 General Procedures and Materials
General Methods and Instrumentation

All reagents were obtained from commercial sources and used without further purification.
Tyrosinase isolated from Agaricus bisporus (abTYR, both 25 kU [SKU = T3824-25KU] and 50 kU
[SKU = T3824-50KU] were used in these studies) was purchased from Sigma-Aldrich. DOTA-NHS
was purchased from Macrocyclics (Plano, Tx). Tyrosine containing peptides were purchased from
GeneScript (Piscataway, NJ) and used without further purification. Spin concentrators with 10
and 100 kDa molecular weight cutoffs (MWCO) and sterile spin filters with 0.22 um pores were
purchased from Millipore (Billerica, MA). Milli-Q H,0 was obtained from a Millipore purification
system. Small molecule phenol substrates were synthesized as previously reported'4.

UV-VIS measurements. A NanoDrop 1000 (Thermo Fisher Scientific) was used to quantify the
samples in this work based on absorbance values at 280 nm (or 488 nm for sfGFP).
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Electrospray lonization Time of Flight Liquid chromatography mass spectrometry (ESI-TOF
LCMS) analysis. Acetonitrile (Optima grade, 99.9%, Fisher,Waltham, MA), formic acid (1 mL
ampules, 99+%, Pierce, Rockford, IL), and water purified to a resistivity of 18.2 MQ-cm (at 25 °C)
using a Milli-Q Gradient ultrapure water purification system (Millipore, Billerica, MA) were used
to prepare mobile phase solvents for LC-MS. Electrospray ionization mass spectrometry (ESI-MS)
of protein bioconjugates was performed using an Agilent 1260 series liquid chromatograph
outfitted with an Agilent 6224 time-of-flight (TOF) LC-MS system (Santa Clara, CA). The LC was
equipped with a Proswift RP-4H (monolithic phenyl, 1.0 mm x 50 mm, Dionex) analytical column.
Solvent A was 99.9% water/0.1% formic acid and solvent B was 99.9% acetonitrile/0.1% formic
acid (v/v). For each sample, approximately 15 to 30 picomoles of analyte were injected onto the
column. Following sample injection, a 5-100% B elution gradient was run at a flow rate of 0.30
mL/min over 8 min. Data were collected and analyzed by deconvolution of the entire elution
profile in order to provide reconstructed mass spectra that are representative of the entire
sample using Agilent MassHunter Qualitative Analysis B.05.00. Percent modification was
determined through integration of MS peaks using opensource Chartograph software
(www.chartograph.com). The integration of the completely unmodified protein peak served as
an internal standard in determining the percent modification.

Preparation and storage of abTYR stock solutions. Tyrosinase isolated from common button
mushroom (Agaricus bisporus) was purchased as a lyophilized dark-red powder from Sigma-
Aldrich (either 25 kU or 50 kU). Upon receipt, the powder was portioned as preweighed dry
samples in Eppendorf tubes. These were stored at -20 °C until use. Stock solutions were prepared
by dissolving a dry portion of enzyme to yield a concentration of 2 mg/mL in 50 mM phosphate
buffer at pH 6.5 (corresponding to ~16.7 uM enzyme). Portions of this solution (10 pL each) were
transferred to 250 uL Eppendorf tubes, which were then capped and stored at -80 °C until use.
These storage conditions were shown to be the optimal for abTYR in a previous study 4. Stock
solutions were used as single-use aliquots and diluted to desired working concentrations in 50
mM phosphate buffer at pH 6.5 prior to use.

Small Molecule and Protein Procedures

Preparation and structural characterization of tyrosine-thiol conjugates. Separate stock
solutions of 100 mM N-acetyltyrosine, 100 mM N-acetylcysteamine, and 2 uM abTYR were
prepared in 100 mM citrate buffer, pH 6.5. The base of a 15 mL 3k MWCO spin concentrator was
pre-loaded with 5 mL of 100 mM citrate and 10 mM N-acetylcysteamine prepared by dilution of
the stock solution. In the top section of the filter, 1 mL of 10 mM N-acetyltyrosine solution was
combined with 1 mL of 2 uM abTYR in 100 mM citrate buffer at pH 6.5. The solution was
incubated at RT for 30 min before centrifugation at 3000 rpm for 25 min. After this step, an
additional 1 mL of 10 mM N-acetyltyrosine in 100 mM citrate buffer at pH 6.5 was added to the
tyrosinase in the top section and allowed to sit for a further 20 min on ice before centrifugation
as above. This process was repeated an additional three times, for a total added volume of 4 mL
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of 10 mM N-acetyltyrosine solution. After the final centrifugation the system was spun an
additional 25 min at 4000 rpm, yielding a total of 11 mL of purple-red liquid.
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A secondary protocol was also used, which generated lower yields of product: To a 10 mL aliquot of
Milli-Q H,0 in a Falcon tube were added stock solutions of sodium citrate buffer (pH 6.5), N-
acetyltyrosine, and N-acetylcysteamine with initial (stock solution) concentrations (i) and final (reaction
mixture) concentrations (f) given in the table above. The abTYR stock solution was added last. After
gentle mixing, the resulting reaction solution was allowed to stand at room temperature for 2 h and
then was stored at 4 °C until purification. After passing the rxn solution through a 0.22 um Millipore
polyethersulfone (PES) syringe filter, the crude reaction mixture was subjected to analytical and
preparatory HPLC.

Analysis and purification of the crude small molecule oxidative coupling product.
Purification was performed on a Waters UPLC-MS system with the following modules: Waters
2545 Binary Gradient Module pumps, a Waters 2767 Sample Manager for sample injection and
fraction collection, a Waters System Fluidics Organizer, a Waters 2489 UV/Visible Detector, and
a Waters Acquity Ultra Performance LC mass spectrometer with SQ detector. Waters Mass Lynx
software V4.1 (SCN919) was used to operate the instrument. For gradient separations, solvent A
was: Milli-Q H,0 with 0.1% TFA, and solvent B was: HPLC-grade acetonitrile with 0.1% TFA. This
instrument is owned and maintained by the LBNL/UCB Catalysis Group Instrumentation Facility
and is supported by DOE Basic Energy Sciences program KC0302010.

For analytical HPLC, a Waters X-Bridge C18, 3.5 um, 4.6 x 100 mm column was used. 20 pL
injections of the filtered reaction mixture were subject to a linear gradient of 5 to 20% solvent B
in solvent A over 15 min at a flow rate of 1.00 mL/min.

For preparatory HPLC, a Waters X-Bridge C18, 10 um OBD, 4.6 x 250 mm column was used.
Injections of the filtered reaction mixture (1 mL) were subjected to a linear gradient of 5 to 20%
solvent B in solvent A over 15 min at a flow rate of 30.0 mL/min.

The product was then isolated through evaporation of the solvent. This yielded several flakes
of red-brown powder. The dried product was resuspended in D,0 and submitted to NMR analysis
on a Bruker 900 MHz system.
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Computational Studies. Molecular mechanics methods (Macromodel, OPLS3e force field)
were used to generate and minimize large populations of conformers to identify the lowest
energy candidates. For each compound under study, the geometries of all conformers within 3
kcal/mol of the global minimum were optimized using at the B3LYP-D3/6-31G** level®?. At this
stage, the resulting global minima were subjected to a second geometry optimization and
vibrational spectrum calculation (B3LYP-D3/6-31G**) to determine the zero-point energies,
enthalpy corrections, and the internal entropy values at 298.15 K. Finally, refined electronic
energy calculations were performed on each optimized geometry using an expanded basis set
(wB97M-V/6-311G-3df-3pd++). For calculations including solvation, a CPCM model was used with
Bondi van der Waals radii and a SAS solvent probe radius of 1.4 A.3334 |n these cases, solvation
was introduced in the geometry optimization, frequency, and final electronic energy calculations.

Expression of sfGFP. Expression was carried out as previously reported #’. Purified protein
was spin concentrated into 20 mM phosphate buffer at pH 7 using 10k MWCO spin filters prior
to reaction.

Expression of SpCas9. Expression was carried out as previously reported %, Purified protein
was spin concentrated into 20 mM phosphate buffer with 200 mM trehalose and 300 mM NaCl
at pH 7 using 100k MWCO spin filters prior to reaction. Cas9 sequences for 2NLS and 4NLS were
identical to those used previously 38,

Expression of N87C MS2. Expression and purification was carried out as previously reported
49, Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7 using 10k MWCO
spin filters prior to reaction.

Expression of Trastuzumab scFv. Expression was carried out according to established
protocols 22, Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7 using
10k MWCO spin filters prior to reaction.

Expression of Y200C sfGFP and N-Terminal MYGGSHg-sfGFP. Following sequence verification
by sequencing, mutants were transformed into Rosetta DE3 E. coli cells for expression. Expression
cultures at 1000 mL in TB broth were prepared using 10 mL of confluent culture. These were
grown at 37 °C until cultures reached an OD600 value between 0.6-0.8, upon which protein
expression was induced with a final concentration of 0.1 g/L IPTG.

Cells were then shaken overnight at 37 °C and pelleted. After freezing at -80 °C, cell pellets
were resuspended in 15 mL of an equilibration buffer (20 mM sodium phosphate, 2 M NaCl, 20
mM imidazole at pH = 7.4) and then lysed via sonication for 30 min at 60% amplitude. The cell
lysate was centrifuged at 14,000 rpm for 30 min, then the supernatant decanted before loading
on to a HisTrap FF Crude column. After binding, the bound protein was washed with 4 portions
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of two resin bed volumes of wash buffer (20 mM sodium phosphate, 300 mM NaCl, 25 mM
imidazole at pH = 7.4) and subsequently eluted with four resin bed volumes of elution buffer (20
mM sodium phosphate, 300 mM NaCl, 250 mM imidazole at pH = 7.4). The purified sfGFP variant
was then spun concentrated into 20 mM phosphate buffer at pH 7.2 using 10k MWCO filters.
Purified sfGFP samples were flash frozen and stored at -20 °C until use.

Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7 using 10k
MWCO spin filters prior to reaction.

Expression of nano luciferase (nanoluc). The gene encoding nanolLuc was cloned from
plasmids provided by Promega (pNL1.1) using primers that encoded the specified N- or C-
terminal modifications as well as a golden gate cloning site. The modified product was then
transferred into a modified pet28b cloning vector (pECH081) and transformed into Rosetta DE3
pLysS E. coli. Overnight cultures were grown at 37 °C in LB with 50 mM kanamycin, then
transferred into 1 L TB media with 50 mM kanamycin. Once cultures reached an OD600 of 0.6
protein production was induced by addition of 100 mg/mL IPTG and left shaking overnight at 37
°C. After 16 h of incubation, the cultures were centrifuged at 7000 x g, and the pellets collected
were then re-suspended in 50 mM phosphate, 200 mM NacCl, 20 mM imidazole, pH 7 buffer.
Samples were lysed by sonication, then centrifuged at 17000 x g. The supernatant was collected
and run through a HiTrap NiNTA column from GE in a miniAkta, and eluted with a 50 mM
phosphate, 200 mM NaCl, 250 mM imidazole buffer at pH 7. Purified nanoLuc samples were flash
frozen and stored at -20 °C until use.

Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7 using 10k
MWZCO spin filters prior to reaction.

Expression of +36 MYGGS sfGFP. The +36 GFP gene>® with addition of MYGGS-Hg at the N-
terminus was purchased as a gene block from Integrated DNA Technologies (IDT) and used as
follows:

A pET28b vector that was cleaved by Xbal and Xhol and column purified was then combined
with the +36GFP gene block and cloned using Gibson 2x Master Mix from New England BiolLabs
(NEB) using standard procedure >

Following sequence verification, plasmids were transformed into Rosetta DE3 E. coli cells via
heat shock and streaked onto LB-agar plates with 1 mM kanamycin. Expression and purification
were carried out according to previous literature °*.

abTYR-mediated oxidative coupling of phenols to Y200C sfGFP. To a 10 uM protein solution
in 20 mM phosphate buffer (pH = 6.5) was added the phenol coupling partner to a final
concentration of 100 uM. A 2 uM solution of abTYR in 50 mM phosphate buffer (pH=6.5) was
added to reach a final enzyme concentration of 200 nM. The reaction was left unstirred for 30
min at RT. The reactions were subsequently quenched through the addition of tropolone (final
concentrations of 1.9 mM), and allowed to stand at RT for 1 min before spin concentration

73



against 10 kDa MWCO filters with 10 mM bisTris at pH 7.2 (three cycles at 13,000 rpm for 3 min)
for small molecule removal. The resulting samples were analyzed using ESI-TOF MS.

Cysteine modification of N87C MS2. To a 10 uM solution of protein was added the phenol-
or tyrosine-containing coupling partner (100 uM) in 20 mM phosphate buffer (pH = 6.5). To this
was then added abTYR to a final concentration of 200 nM. After 30 min the reaction was
guenched with tropolone to a final concentration of 2 mM and the product was analyzed by ESI-
MS (see Figure 1).

Stability study of cysteine modification products. To assess the stability of the oxidative
coupling products, a solution of endorphin modified MS2 N87C (Pdt) was incubated in a variety
of conditions. To assess the impact of pH on the linkage stability, a 10 uM solution of Pdt with 1
mM tropolone (to prevent further oxidation via tyrosinase) was incubated in 50 mM phosphate
buffer at pH 5.0, 7.0 and 8.0 at RT for 0, 3, or 6 days. At each time point a 10 uL sample of the
protein was diluted 1:1 with 50 mM pH 7.0 bisTris buffer and spin concentrated against a 10 kDa
MWCO filter. The resulting samples were analyzed using ESI-TOF MS and the percent labeling
was determined by peak integration using open source Chartograph software
(www.chartograph.com). To assess the impact of nucleophiles on the linkage stability, a 10 uM
solution of Pdt with 1 mM tropolone was incubated in 50 mM phosphate buffer at pH 7.4 at RT
for 0, 3, and 6 days in the presence of 10 mM concentrations of various nucleophiles. At each
time point, the proteins were spin concentrated against 10 kDa MWCO filters with 10 mM bisTris
at pH 7.2 for three cycles at 13,000 rpm for 3 min each. The resulting samples were analyzed
using ESI-TOF MS and the percent labeling was determined via peak integration using the
opensource Chartograph software. Note that starting modifications differ as each condition was
treated as a biological replicate.

Cas9-tyrosinase coupling conditions. Cas9 coupling occurred under the following conditions:
20 mM Tris HCI, 300 mM KCI, 200 mM trehalose pH 7.0 (Buffer A), 4 °C, 1 h, 10 uM Cas9. All
samples were quenched with the tropolone solution as above, then solvent exchanged into
Buffer A three times using a 100,000 kDa MWCO spin concentrator. For peptide coupling,
peptides were added in five-fold excess, yielding 50 uM peptide concentrations. In protein-
protein coupling we found that a 1:1 ratio of Cas9:target protein yielded near-quantitative
conversion to the singly modified Cas9 after filtration, as characterized using ESI-TOF MS. A 1:5
ratio of Cas9:target yielded full conversion to the doubly modified product. It is of particular
interest that the trehalose buffer is tolerated as previous oxidative strategies were incompatible
with saccharides in solution %°. Additionally, we have found that the internal tyrosine residues
within both of these proteins are not affected by this reaction, as revealed by a lack of detectable
oxidation for either Cas9 or a sfGFP that lacks the N-terminal tyrosine residue by ESI-TOF MS.
Further supporting this is the lack of dimer formation between Cas9 molecules or peptide
substrates in these reactions. Thus, it appears that only highly exposed tyrosines, ideally near the
N- or C-termini are capable of participating in reactions 22.
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Cas9 in vitro cleavage assay. Two gene fragments were produced via PCR for use as target
sequences (Cas9 recognition sites shown underlined in red):

Cas9 cleavage sequence 1: 5’-
TAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
ACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCT
GACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAG
TCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACA
AGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGC
ATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCAC
AACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCAC
AACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGAC
GGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCA
ACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCA
TGGACGA-3’

Cas9 Cleavage sequence 2: 5’-
TGTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAA
AACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATATGG
CCACAACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGC
TGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACC
TACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCC
TCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCA
CGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATC
GAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAA
CTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTC
AAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACC
CCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGA
GCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGA
TCACTCTCGGCATGGACGA-3’

This was done using a plasmid containing EGFP and the following PCR primers:
PCR forward primer 1: 5-TAAACGGCCACAAGTTCAGC-3’
PCR forward primer 2: 5-TGTATGGGATCTGATCTGGGG-3’
PCR reverse primer: 5’ -TCGTCCATGCCGAGAGTGATCC- 3’

Cas9 was combined with sgRNA (targeting sequence 5-CAGGGTCAGCTTGCCGTAGG-3’)
produced by in vitro transcription as previously published to produce the active RNP*8. A 0.4
pmol sample of cleavage sequence 1 or 2 was then exposed to varying concentrations of Cas9
RNP in 20 mM mM Tris-HCI, pH 7.5, 75 mM KCl, 5 mM MgCl,, 1 mM dithiothreitol (DTT), 5%
glycerol buffered solution and incubated at 37 °C for 30 min, followed by denaturation at 95 °C
for 2 min. Samples were then loaded onto a 1% agarose TAE gel with SYBR-safe and visualized
on a BioRad EZDoc Gel imager using the Imagelab 6.0 software package.
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Cell Culture Procedures

Cell labeling with Trastuzumab scFv-sfGFP conjugate. SK-BR-3 and MDA-MB-468 cells were
obtained in separate T-25 flasks from the Berkeley Cell Culture Facility, transferred to a 37 °C, 5%
CO; incubator, and grown to 90% confluency. Growth medium was removed, and cells were
detached by incubation with 6 mL of 0.13% trypsin in DPBS at 37 °C for 10 min. After visually
confirming detachment, each cell sample was diluted to 15 mL with Binding Buffer (DPBS with
10% FBS and 1% NaN3s). Cells were added to 15 mL Falcon tubes and subject to two cycles of
centrifugation (300 g, 5 min, room temperature), removing the supernatant after each cycle and
diluting with 14 mL of Binding Buffer before the second cycle. Cells were re-suspended in 0.8 mL
of Cell Binding Buffer and counted with a BioRad TC20 automated cell counter. Live cell counts
were 99 to 100% as indicated by trypan blue staining. Cell suspension density was adjusted to 1.9
x108 cells/mL with additional Binding Buffer. A series of 100 pL aliquots was distributed to
Eppendorf tubes and incubated on ice. A 40 puL sample of the 0.05 pg/uL scFv-sfGFP construct or
appropriate negative control in PBS was added to each aliquot, and these samples were allowed
to sit on ice, in the dark for 1 h. Samples were then subjected to 3 cycles of centrifugation (300
g, 3 min), re-suspending cells in 1000 pL of Binding Buffer before each cycle and discarding
supernatant after each cycle. After centrifugation, cell pellets were re-suspended in 500 uL of
DPBS with 0.5% paraformaldehyde and kept on ice in the dark for 1-3 h until flow cytometry
analysis.

Flow cytometry analysis for cell labeling. Cell samples were diluted 2-3x in PBS and
analyzed on to a BD LSR Il flow cytometer (BD Biosciences). Fluorescence excitation at the 488
nm laser line and FITC filter set were used. Data was acquired using BD FACSDiva software
(version 6.2, 2000). A total of 10,000 events were recorded for each sample. Data were
processed using FlowJo software (version 10.0).

Preparation of Cas9 for cell culture trials. Cas9 RNP was prepared based on previously
described methods 38. To prepare the Cas9 RNP complexes, modified Cas9 protein was
incubated with sgRNA at a 1:1.2 molar ration. Briefly, we added sgRNA to Buffer #1 (25mM
NaP;, 150 mM NacCl, 200 mM trehalose, 1 mM MgCl,), then added the Cas9 to the sgRNA, slowly
with swirling, and incubated at 37 °C for 10 min to form RNP complexes. RNP complexes were
filtered prior to use through a 0.22 um Costar 8160 Filter pre-wet with 200 pL of Buffer #1. If
needed, the RNP sample was concentrated with a 0.5 mL Millipore Ultra 100 kDa cutoff filter,
part # UFC510096, until the desired volume was obtained.

Neural progenitor cell (NPCs) line assay. NPCs were treated based on a previously
described protocol®. Briefly, NPCs were isolated from cortices from embryonic day 13.5 Ai9-
tdTomato homozygous mouse embryos. Cells were cultured as neurospheres in NPC medium:
DMEM/F12 with glutamine, Na-Pyruvate, 10 mM HEPES, non-essential amino acid, penicillin
and streptomycin, 2-mercaptoethanol, B-27 without vitamin A, N2 supplement, bFGF and EGF,
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both 20 ng/ml as final concentration. NPCs were passaged using MACS Neural Dissociation Kit
(Papain) cat# 130-092-628 following manufacturer’s protocol. bFGF and EGF were refreshed
every other day and passaged every 6 days. The NPC line was authenticated by
immunocytochemistry marker protein staining. They were tested for mycoplasma using
Hoechst stain with visual analysis and were negative.

Direct delivery of Cas9 RNP. To test direct delivery of Cas9 ribonucleoprotein (RNP)
complexes, RNPs targeting the STOP cassette at the tdTomato locus of cells derived from Ai9-
tdTomato transgenic mice (sgRNA-298, 5'-AAGTAAAACCTCTACAAATG-3’)38 were pre-assembled.
Assembled RNPs were added to the media of Ai9 neural progenitor cells (NPCs) and incubated
for 24 h. Cells were then washed twice with 200 U/ml heparin in DMEM-based media and allowed
to grow for an additional 24-48 h before analysis. The total amount of RNP per well of a 96-well
plate was titrated from 10 pmol to 100 pmol. Percentages of tdTomato-positive (successfully
edited) NPCs were quantified by flow cytometry (Attune Nxt acoustic focusing cytometer,
Thermo Fisher Scientific) with tdTomato fluorescence measured at the 561nm laser line using the
integrated analysis tool (Attune NxT software, v3.1.0). We routinely acquired at least 10,000-
30,000 events per sample.

Sequences of Proteins and Peptides
MYGGS-Hg +36 GFP:

MYGGSHHHHHHGGASKGERLFRGKVPILVELKGDVNGHKFSVRGKGKGDATRGKLTLKFIC
TTGKLPVPWPTLVTTLTYGVQCFSRYPKHMKRHDFFKSAMPKGYVQERTISFKKDGKYKTR
AEVKFEGRTLVNRIKLKGRDFKEKGNILGHKLRYNFNSHKVYITADKRKNGIKAKFKIRHNVK
DGSVQLADHYQQNTPIGRGPVLLPRNHYLSTRSKLSKDPKEKRDHMVLLEFVTAAGIKHGR
DERYK*

MYGGSHe-sfGFP amino acid sequence:

MYGGSHHHHHHRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPV
PWPTLVTTLTYGVQCFARYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLV
NRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNT
PIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYK*

Y200C sfGFP amino acid sequence:

MRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTY
GVQCFARYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKE
DGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHCQQNTPIGDGPVLLPD
NHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKHHHHHH*

N87C MS2 amino acid sequence:

MASNFTQFVLVDNGGTGDVTVAPSNFANGVAEWISSNSRSQAYKVTCSVRQSSAQNRKYTIKVE
VPKVATQTVGGVELPVAAWRSYLCMELTIPIFATNSDCELIVKAMQGLLKDGNPIPSAIAY*

scFv amino acid sequence:
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EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISA
DTSKNTAYLOMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSGGGGSGGGGSGGGGSDIOM
TQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSL
QPEDFATYYCQQHYTTPPTFGQGTKLEIKRTGGY*

MYGGS-nanolLuc amino acid sequence:

MYGGSHHHHHHVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFONLGVSVTPIQRIVLSGENGLKIDIHVII
PYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKITVTGTLW
NGNKIIDERLINPDGSLLFRVTINGVTGWRLCERILA*

nanoluc (AP)sGGY amino acid sequence:

MHHHHHHVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVTPIQRIVLSGENGLKIDIHVIIPYEG
LSGDQMGAQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKITVTGTLWNGNKI
IDERLINPDGSLLFRVTINGVTGWRLCERILAAPAPAPAPGGY*

Cas9 constructs and sequences are identical to those previously published®. In short, both Cas9
constructs had a solubilizing MBP leader sequence that was subsequently removed by TEV protease
cleavage. MBP leader sequence:

MKSSHHHHHHGSSMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGP
DIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEE
IPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKH
MNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNK
ELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPOMSAFWYAVRT
AVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEENLYFQ

Cas9- 2NLS post TEV cleavage:

SNATMDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTR
RKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKA
DLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLEN
LIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSD
AILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFY
KFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPY
YVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYN
ELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHD
LLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIR
DKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL
QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQL
LNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSK
LVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATA
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KYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKE
SILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLE
AKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQL
FVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDR
KRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDGSPKKKRKVEDPKKKRKVD*

Cas9 4NLS post TEV cleavage:

SNATPKKKRKVGGSPKKKRKVGGSPKKKRKVGGSPKKKRKVGIHGVPAATMDKKYSIGLDIGTNSVGWAVIT
DEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDS
FFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLG
LTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMI
KRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNRE
DLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEE
TITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ
KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVL
TLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFM
QLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMAREN
QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLONGRDMYVDQELDINRLSDYDVD
HIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSEL
DKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAH
DAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKR
PLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYG
GFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENG
RKRMLASAGELOQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILA
DANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETR
IDLSQLGGDGSPKKKRKVEDPKKKRKV*

Peptide Sequences:

a-endorphin: Ac-YGGFMTSEKSQTPLVT

R8: Ac-YGGRRRRRRRR

IL-13: Ac-YGGYACGEMGWVRCGGSK (C-C disulfide bonded)
HIV-Tat: Ac-YGRKKRRQRRRPPQ

25V40: Ac-YGGKKKRKVGGSPKKKRKV
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3.8 Supplementary Figures
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Figure S1. Flowchart representing maleimide capping experiments. (a) MS2 modified with endorphin
using abTYR should not react with an additional maleimide coupling partner when exposed to coupling
conditions in subsequent steps. Similarly, (b) maleimide-modified MS2 should be untouched by the
tyrosinase reaction. Mass spectral data support these hypotheses, as (c) shows NEM capped MS2, and
(d) shows NEM capped MS2 exposed to tyrosinase coupling conditions is not further modified by
endorphin. Finally, (e) shows WT MS2 is unmodified by tyrosinase conditions.
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Figure S2. ROESY and HMBC data (900 MHz) for N-acetyltyrosine coupled to N-acetylcysteamine. ROESY
data (top) show a clear correlation between proton (2) and the corresponding signal from both the alkyl
chain in cysteamine (20) and the tyrosine alkyl chain (9). HMBC corroborates the proton assignments.
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Figure S3. Analytical HPLC chromatogram of the small molecule thiol addition reaction sample. Red

boxes indicate single adduct peaks. The primary peak indicates unreacted tyrosine. The cystine disulfide
dimer elutes at 8.52 min. The peak at 9.7 was collected and used for NMR analysis as seen in Figure S2.
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Figure S4. Exploring oxime reaction susceptibility of o-quinone-modified endogenous amino acids.
Ortho-quinones can readily be installed on primary amines at N-termini (green trace, top left) or on free
cysteine residues on proteins (pink trace, top right). Structures shown are based on those previously
reported for o-quinone-modified amine N-termini'* and now thiols. In addition, small molecule o-
guinones have been observed to overly modify proteins if the concentration of o-quinone is too high
(secondary peaks in top green and pink traces, oxidative coupling products marked as “OC”). While the
exact nature of these over modification products is not known, they are presumably highly reactive
nitrogenous residues on sfGFP. To 10 uM of the various o-quinone-modified products was added 5 mM
of CH30ONH; and the mix was allowed to react overnight in 50 mM phosphate buffer at pH 5.0. Oxime
ligation was only observed on o-quinones that had modified the primary amine N-terminus of met-sfGFP
(green trace, bottom left), and the adduct between thiols and o-quinones did not undergo oxime
formation (pink trace; bottom right). The higher order modifications between o-quinones and sfGFP also
underwent oxime formation, further corroborating that these modifications must be on highly reactive
nitrogenous bases on sfGFP.

84



a o
(o] \/S
+ NSH —>
CH,
o
o
A SH — P
CHj
o OH
o
+ N SH —
CH, CH,

<
(o]
.

CH3

A

OH o
S OH [0}
N .
CHs CHg

OH
OH

CHs
OH
OH

CHy

OH

s

OH
OH
., —QL I>
NH, N
Hen,

(0]

S
N-Et + SH ——— N-Et

(¢}

Gas Phase
AH® =—-40.5 kcal/mol
AS® = —43 5 cal/(mol+K)
AGP = -27.6 kcal/mol

Gas Phase
AH° = -36.4 kcal/mol
AS° = -43 8 cal/(mol-K)
AG® = -23.3 kcal/mol

Gas Phase
AH® = -40.7 kcal/mol
ASP = —44 9 cal/(molsK)
AGP =-27.3 kcal/mol

Gas Phase
AH° = -33.5 kcal/mol
AS° = -39.6 cal/(mol-K)
AG® =-21.7 kcal/mol

Gas Phase
AH° = -24 8 kcal/mol
ASP = -42.7 call(mol+K)
AG® =-12.1 kcal/mol

Gas Phase
AH® =—-12.0 kcal/mol

b OH 0 OH OH
OH o o OH
@ + E=5 @ + AS° =-3.7 call(molK)  AS® = —6.1 cal/(molsK)
N N
R CHy CH, CH, CHy
0 OH
S o OH
+
CHa CHs

AG® =-10.9 kecal/mol
K, = 1.0x10°

OH OH o) OH
~S OH o ~S ) oH
+ - +
N N
H
CHs CH, CHs CHs

Figure S5. Computational analysis for thiol addition products. (a) The energetics of the lowest energy
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product conformers are compared for three isomeric thiol addition reactions, along with the addition of

an aniline. A thiol addition to a maleimide is also included for comparison. The geometry for each

species was optimized using B3LYP/6-31G**. Vibrational spectra were calculated using B3LYP/6-31G**

to obtain entropies and zero-point energies. For the “Solvated” data, a CPCM model was used through
self-consistent reaction field optimizations.'™ Final electronic energies were calculated using wB97M-

V/6-311G**3df-3pd, and these data used to obtain the final thermodynamic values. All calculations were

performed using QChem software. (b) Redox reaction energies and equilibrium constants were

estimated using the data calculated above.
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Figure S6. Stability studies for N87C MS2 and Y200C sfGFP coupled to peptides. In all cases percent
modification was defined as the integrated area of peaks bearing modification to the unmodified peaks.
Unless otherwise noted, bars represent the results of single measurements. (a) Standard deviation for
MS2 and GFP modifications. Error bars represent standard deviation between 6 replicate reactions. (b)
The stabilities of the N87C MS2 -endorphin conjugates under various pH conditions at RT, with small
molecule nucleophiles, and reducing agents show no more than 5% reversion for any given sample. (b)
The stability of Y200C GFP-RRRRY conjugates to a series of pH and glutathione conditions at 37 °C again
showed no significant reversion over an 8 day period within the limits of quantitation for these
experiments.
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Figure S7. Addition of small molecule thiols to tyrosinase-modified substrates. (a) Sample of unmodified

MS2 N87C and (b) MS2 N87C exposed to tyrosinase and n-mercaptobutanol yielded no addition
products. (c) MS2 N87C combined with endorphin and tyrosinase yields the expected +1 peptide

modification. (d) MS2 N87C with endorphin exposed to n-mercaptobutanol yielded some +1 peptide and
some +1 n-mercaptobutanol product.
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Figure S8. Serum stability experimental outline. (a) A reaction scheme is shown for the biotin labelling of
Y200C sfGFP with tyrosine- or maleimide-tagged biotin. (b) ESI-TOF data are shown for tyrosine and
maleimide adducts to Y200C sfGFP. The expected mass for biotin-tagged GFP = 28172 Da, and the
expected mass for maleimide-tagged GFP = 28000 Da. (c) To extract the biotin-tagged GFP samples from
serum, aliquots were incubated with streptavidin beads for 1 h, washed 3x, then eluted using 80% CAN,
5% FA, and 2 mM biotin.
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Figure S9. ESI-TOF data for the serum stability study of biotin tagged GFP. The left column shows the
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results for the maleimide construct, while the right column shows results for the tyrosinase conjugates.
The top three panels for each show the results after 1,2, or 7 days at 37 °C, while the bottom three rows
show the same samples at room temperature. Most significant to the present study is the fact that the

maleimide conjugate was not recovered by day 7 in either condition.
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Figure $10. Addition of small molecule phenols and tyrosine containing peptides to MS2 N87C. A 10 uM

sample of protein was combined with a phenol coupling partner (at 100 uM) and 167 nM abTYR in pH
6.5 phosphate buffer for 30 min at RT, then quenched with 2 mM final concentration of tropolone and

analyzed via ESI-TOF.
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Figure S11. Small molecule additions to Y200C sfGFP. biotin, rhodamine, and DOTA phenol were coupled
guantitatively to GFP with some excess secondary modification. The secondary additions are assumed to
be at the N-termini, but due to the small yields of these adducts, it was not possible to isolate them and

determine their location.
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Figure S12. Coupling of MYGGS +36 GFP to Cas9. (a) Structural representations of the coupled proteins

are shown using PDB IDs 5F9R and 6B9C for Cas9 and GFP, respectively. (b) ESI-MS data indicate the

guantitative conversion to singly or doubly modified Cas9 when 1 to 5 equivalents of GFP are added to

tyrosinase reaction conditions.
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Figure S13. Cas9 peptide modifications. Cas9 at 10 uM combined with 100 uM of the respective
peptides for 1 h at 4 °C in Buffer 1. Sample include (a) Cas9 coupled to the 2SV40 peptide, (b) a control
sample of uncoupled Cas9-2NLS, (c) Cas9-2NLS coupled to endorphin, (d) Cas9-2NLS coupled to an R8
peptide. As shown in (e), Cas9 exposed to tyrosinase conditions with no added phenols exhibits no
oxidation or addition products.
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Figure S14. Delivery of Cas9 RNP into neural progenitor cells (NPCs). (a) Flow cytometry gating was used
as indicated. Shown are the flow cytometry gates used for selection of viable cells and doublet
discrimination, based on one representative sample (Ai9 NPCs treated with 100 pmol unmodified Cas9).
(b) Genome editing was measured for Ai9 NPCs treated with various amounts of Cas9 RNPs conjugated
with the indicated peptides. Shown are select representative examples to illustrate gating and
quantification procedures. The scatter plots represent data gated on R10, shown in panel (a). Unmod
Cas9: unmodified Cas9. Cas9-25V40: Cas9 conjugated with two peptides, each representing two
consecutive SV40 nuclear localization sequences.
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Figure S15. Editing of Ai9 neural progenitor cells with Cas9-4NLS conjugated to the indicated peptides.
All treatment conditions showed similar editing despite the diverse peptides. Error bars show the
standard deviation of triplicates.
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Figure S16. Coupling of two nano-luciferase constructs to Y200C sfGFP. In each reaction 10 uM of nano-
luciferase was combined with 20 uM Y200C sfGFP and 200 nM abTYR for 30 min at RT. The (AP),GGY
Luciferase possessed a C-terminal tyrosine tag consisting of the sequence nanoLuc-APAPAPAPGGY. The
MYGGS-Luc construct consisted of nanoLuc with an N-terminal MYGGS tag. Both N- and C-terminally
tagged constructs showed over 80% conversion to the singly modified product.
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Figure S17. Coupling of Trastuzumab-derived scFV (Tras) and GFP Y200C. ESI-TOF mass spectra show
coupling between the scFV and GFP Y200C. A 5 uM solution of scFv was combined with 5 uM of GFP-
Y200C to yield near-quantitative conversion to the GFP-scFV dimer.
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Figure S18. Labeling of HER2* cells using Trastuzumab scFv-sfGFP conjugate. Representative plots show

the gating scheme on a mixture of 1:1 untreated MDA-MB-468 (HER2") cells and SK-BR-3 (HER2") cells

treated with Trastuzumab scFv-sfGFP conjugate (as in Sample 6). The gating scheme was applied

uniformly to all samples and statistics were tabulated. The fluorescence intensity of single cells was

measured using the 488 nm laser line and the FITC filter set.
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Table S1.

Cysteine-Tyrosine coupling stability
Reaction Condition Day 1 Day 3 Day 6
pH 5 86% 93% 85%
pH7 86% 88% 85%
pH 8 88% 89% 83%
TCEP + Tropolone 80% 79% 83%
N-mercapto-butanol 82% 82% 79%

Modification levels for MS2-N87C coupled to a-endorphin over a 6-day time course, corresponding to
Figure S6. Data points represent the analysis of individual runs analyzed by peak integration using
chartograph.com online software.
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Chapter 4. Tolerance induction towards CRISPR Cas9
Abstract:

CRISPR based gene editing has had an unprecedented impact in the study of medicine and
biology over the past decade. One of the major hurdles in the adoption of CRISPR therapies is
the high prevalence of immune response against CRISPR proteins, with over 70% of patients
sensitive to SpyCas9 alone. In order to prevent inflammation or rejection of edited cells it is
vital to develop tools to minimize the immune response towards these proteins. Recent work
has shown a number of immunoglobulin derivatives capable of inducing immune tolerance
towards fused partners, but attempts to fuse these proteins to Cas9 have been stymied due to
its size. We show that resin bound tyrosinase is capable of catalyzing efficient coupling of
SpyCas9 to both IgG Fc domains and the MHC Class Il targeting VHH7 nanobody. Initial mouse
studies support strong tolerance induction, highlighting the versatile capabilities of tyrosinase
coupling and provide a tantalizing view of modular therapeutic design.

This work conducted in collaboration with the Raulet and Barton Labs. Mouse work conducted
by Gabrielle Reiner in the Raulet lab. Optimization of nanobody coupling and endotoxin
removal was done in collaboration with Johnathan Maza.
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4.1 Immunogenicity of Cas9 therapies

SpyCas9 is one of the most studied of the CRISPR (Clustered Regularly Interspersed
Short Palindromic Repeat) effector proteins and the most promising for a variety of clinical
implementations.'3 Unfortunately, a number of recent studies have emerged showing high
levels of immune response to cells treated with Cas9.3* This is exacerbated in cases were cells
endogenously express the protein, as higher expression levels are correlated with Major
Histocompatability Complex (MHC) display.? The immune response to SpyCas9 is perhaps
unsurprising as the protein originates from a pathogenic bacterium, and even though the
CRISPR system is not directly involved in bacterial pathogenesis it is still a candidate for
macrophage and T-cell recognition.®> Unfortunately, adopting Cas9 orthologues from less
pathogenic bacteria does not guarantee to remedy this issue for most therapeutic applications
as repeat dosing are often required, ultimately leading to immune recognition and rejection.>®
Using a delivery vector consisting of Ribonuclear Protein (RNP) alone appears to improve
outcomes by decreasing the cytosolic dosage and resultant MHC display, however RNP delivery
systems suffer from lower delivery efficiency, making repeat dosing even more important.”

The Catch-22 of CRISPR proteins as therapeutics indicates an urgent need to limit
immune response to these proteins in order to minimize the risk of rejection of edited cells. To
this end, it is necessary to develop technologies capable of reducing the immune reaction to
CRISPR proteins. Tolerance induction has long been a goal of immunological research, and is
key for the treatment of autoimmune disorders, allergies, and organ transplants.®=!! One of the
primary difficulties in understanding the mechanisms of tolerance induction is that very few
tolerance inducing systems have been discovered compared to the wide range of adjuvants and
other immune stimulating molecules used in vaccine production and other applications.'>3 The
lack of tolerance inducing molecules has made it challenging to fully understand the mechanism
behind this process and it is still poorly understood, further impacting our ability to generate
new tolerance induction strategies.1%415

One of the most well studied tolerance induction systems is the use of Immunoglobulin
(1gG) Fc domains fused to a target.'>*® In these studies the Fc domain is recombinantly attached
to the antigen via genetic fusion and then administered to the mouse model after which
immune response is monitored by interferon gamma (IFNy) response to the antigenic protein.*>
The mechanism of this tolerance induction is not well understood but it has been shown to
increase the number of regulatory T cells and lower Antigen Presenting Cell (APC) response to
the target protein.'® The primary drawback of the Fc system is the challenge of producing Fc
genetic fusions, as the proteins must be expressed in mammalian cells for proper glycosylation,
and the attached antigenic target must be expressed and folded correctly to ensure tolerance.
This is feasible for smaller proteins, but for something the size of Cas9 becomes a daunting
challenge.

In a similar manner, unpublished work from the Ploegh lab indicates that nanobodies
targeting MHC Il could help induce tolerance to a coupled protein.!” Specifically, the VHH7
nanobody is believed to target tolerogenic antigen presenting cells (APCs), allowing for
selective tolerance induction towards coupled proteins. Nanobodies do not require
glycosylation and can be expressed in bacteria. They also benefit from being only 15 kDa in size,
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allowing for more facile production of genetic fusions. However, they still require periplasmic
expression for proper disulfide bond formation and cannot be purified when expressed as a
fused protein with Cas9. In similar experiments, the previously published sortase based
coupling method was also shown to be inefficient in coupling to Cas9.1”*8 Thus, it would be
ideal to have a method of easily attaching these MHC Il targeting nanobodies (VHH7) to Cas9
directly.
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IL2- signal IgG1 Fc [ |

NNNY Tyrosine Tag
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NNNY Tyrosine Tag
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+150 uM Y180C sfGFP
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Figure 1. Initial design and modification of IgG Fc domains with tyrosine tags.
A. Protein design for tyrosine tagged immunoglobulin derivatives. IgG Fc
domains with tyrosine tags at N- and C-termini. Due to the presence of the
cleavable IL-2 signal sequence we chose to use the N-terminal tag GGYNNN.
In contrast, the C-terminus was modified with the tag NNNY. For the VHH7
nanobody a C-terminal NNNY tag was used due to prior success with ScFvs. B.
ESI-TOF spectra showing products of a reaction between 100 uM Fc and 150 p
M Y200C sfGFP. The C-terminal Fc construct showed efficient coupling to the
GFP, while the N-terminal Fc construct showed little modification. C. Represen-
tation of the reaction products shown in B.

Recent work from our lab has shown that the Tyrosinase coupling reaction can be used
to rapidly produce functional protein conjugates, but we had not shown successful coupling of
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Cas9 to a nanobody.'2! This work endeavors to establish a protocol for the creation of Cas9-
immunoglobulin fusions to induce immune tolerance of SpyCas9.

4.2 Design of Fc constructs and Fc coupling

N-terminal and C-terminal tyrosine tagged IgG Fc constructs (Figure 1A) were produced by the
Raulet and Barton labs and screened for complementarity with the tyrosinase coupling
protocol. C-terminal tyrosine tags were found to be most reactive for activation and coupling to
a cysteine GFP (Y182C sfGFP) (Figure 1 B,C).

Initial trials for the attachment of Cas9 to the IgG &&@ ) & & & & S
Fc constructs emphasized the C-terminal ) %@‘“@\ o ‘9%&“‘9@3}\5&"% y@g‘-‘“@g‘f‘@,}*
construct due to the favorable GFP coupling. We A & o & T o707 07 0% w9
changed buffer conditions to a trehalose s M I S N 1y W S A
solution and ran the reaction on ice to increase ' E :
stability of Cas9 during reaction.' Due to : o | é i . e
concerns about Cas9 stability early reactions ot
were conducted with the sgRNA- Cas9 s |

ribonucleoprotein (RNP) as seen in Figure 2A. - " . . - B
Despite screening a range of equivalencies there .
was little improvement in yield from baseline B o zf e
COI‘]dItIOhS. 1 g}, ‘3‘, 4 %5 6 7 Tsime (gnin) 10 Wl |12240

Unfortunately, incorporation of sgRNA is

?on—lt.jeal due to potential confoundzlzng factors : - =='===EE

rom immune response to the RNA.** Several . = =
time course studies were conducted to =

determine if full conversion could be reached o e e e e
with the free Cas9 and Fc domain but found a -

strict plateau after roughly 1.5 h (Figure 2B). ) o o
Incomplete reactivity poses a major barrier to F'gu'.'e 2. Gels monitoring Ca.lsg'Fc C(.)r.”ugat'on
reactions. A. Screen of reaction conditions to

these experiments as any uncoupled Cas9 has couple Cas9 with sgRNA to Fc-NNNY. Ratio of
the potential to act as an adjuvant and stimulate Cas9:Fc listed above each well along with
a greater immune response in our assay. reaction time and tyrosinase equivalents, where

Unfortunately, common methods of isolating Fc X TYR is equivalent to 12 U/L of abTYR. B.
. . . Time course of apo-Cas9 conjugation to Fc-NN-
domains such as using a protein A column

) - ’ ) NY taken in every 15 min for the first hour
require harsh conditions for elution, which followed by every 30 min for the remainder of the

would denature the sensitive apo-Cas9. reaction.

After comparison between reducing and non-reducing conditions, we found that the majority
of the uncoupled Fc domains were in the dimer form, indicating that oxidation had occurred
but that some form of cross reactivity was causing the two arms of the Fc domain to self-
couple, preventing their reaction with Cas9 cysteines (Figure 3A). Nonetheless, We were still
able to confirm the creation of mono and di-Fc modified Cas9 (Figure 3A,B).
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The cross coupling of the Fc domains is not unprecedented, previous works by the d’Ischia lab
have shown ready dimerization of o-quinone and catechols. 2?4 Lysine residues on the protein
surface may also be capable of reacting with the o-quinone if sufficiently reactive. Upon closer
examination of the structure it is apparent that there is ample flexibility to allow for cross
reactivity of the C-terminal tags (Figure 3C,D). Future work will focus on changing the C-
terminal tyrosine tags to a shorter or less flexible linker in hopes of generating non-self-
coupling Fc domains.?>26

AL

ee Cas9

c Dimer

Reduced Fc
Monomer

Nanobody

19G Fc
PDBID: 3S7Z

Tyrosine tags

Figure 3. Analysis of side products in Fc coupling reactions. A. SDS-PAGE showing both reducing and non-re-
ducing conditions for Cas9 immunoglobulin reactions. All reactions were conducted on 10 uM Cas9 with 100 uM
of the corresponding Fc or nanobody in pH 6.5 phosphate buffer with trehalose on ice for 1 h. Prior to loading on
gel samples were combined with 4X loading buffer with or without B-mercaptoethanol (BME) as reducing agent.
remaining Fc dimer after reduction is indicative of Fc cross coupling. B. Structure of Cas9 ( shown in purple.
PDBID: 5F9R) coupled to two Fc domains (shown in red. PDBID: 3S7Z) . C. Representation of the self coupling
of tyrosine tags in the Fc dimer. Crystal structures with modeled Tyrosine tags shown in pink show high potential
for tyrosine tag cross-reactivity. D. Reactions for cross coupling of Fc domains showing coupling of the o-qui-
none with catechol or free amines.

Due to challenges encountered in coupling the Fc domain, we chose to instead focus on
coupling between Cas9 and the VHH7 nanobody. Unfortunately, separation of the Fc-Cas9
conjugates from free Cas9 would be quite challenging as protein A columns which could
capture the Fc tails requires elution using highly acidic media which would have denatured the
Cas9. The one potential alternative we did not explore is the use of ion exchange
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A

chromatography which poses similar limitations due to the requirement of extreme pH

conditions for elution.

4.3 VHH7-nanobody conjugates

5901 Nanobody
:"/5‘*;1
Ay VHH7 Nanobody

/ control
?.l‘;‘ Nanobody
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Figure 4. ESI| TOF analysis of Cas9-VHH7
nanobody coupling. A. Control of VHH7
nanobody with crystal structure in teal
(PDBID: 5VLV). B. Initial trial of Cas9
coupling to VHH7. Cas9 at 10 yM combined
with 50 yM VHH7 and abTYR for 30 min,
showing the unmodified Cas9 with both the
single and double addition of VHH7. C.
Optimization of filtering for Cas9 samples
with abTYR bound to resin beads.Cas9 at 10
MM was combined with 100 yM VHH7 and
abTYR beads on ice for 1 h. Spin filter with
100 kDa MWCO used to remove excess
nanobody. D. Optimized production of Cas9
with 2 nanobodies. Reaction run at 2 mL
scale to produce ~1 mg of modified Cas9.
Similarly 10 uM Cas9 combined with 150 uM
VHH7 and abTYR beads at 4 °C for 2 h with
end-over-end shaking.

VHH7 nanobodies were produced with both N and C-
terminal tyrosine tags. We found that the
requirement for the pectate lyase B (PelB) leader
peptide and its variable cleavage led to inefficient
coupling of tyrosine tags on the N terminus, so C-
terminal tags were again used in these experiments.
In contrast to the Fc combination, attachment of the
VHH7 nanobodies was highly efficient. As seen in
Figure 4, the coupling was efficient from an early
stage, yielding high degrees of the mono a di-
modified Cas9. After optimizing conditions, we were
able to achieve full conversion to a doubly modified
Cas9 using a surface immobilized tyrosinase (Figure
4D)

Scale-up of production was relatively trivial, requiring
a slight increase in nanobody:Cas9 molar ratio to 9:1.
Concerned with the potential for contamination from
free tyrosinase in our reactions, we changed our
protocol to include tyrosinase bound to resin beads.
By incubating for 2 h with end-over-end rotation of
the reaction vessel we achieved quantitative yield of
the doubly modified Cas9-VHH7. With the pure Cas9-
VHH7 construct in hand we began trials to remove
excess endotoxin. Unfortunately, the filters employed
by Berkeley’s Macro lab to remove endotoxin from
Cas9 prep (Pall Corp’s Mustang Syringe filters)
adhered tightly to the free nanobody and Cas9-VHH7
conjugates. Endotoxin spin filters from Pierce proved
less deleterious to our samples, producing low
endotoxin samples after 2 h of incubation

Mouse studies with the sample were conducted,

however, it became readily apparent that significant
aggregation of the Cas9 control sample was present
leading to immediate mouse death. This aggregation
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was likely a result of disulfide bond formation between Cas9 in solution. Since other samples
had the surface cysteines capped we did not observe significant aggregation.

To understand the source of the aggregation we performed a series of DLS experiments that
confirmed that the non-reduced Cas9 samples showed particle sizes as large as 400 nm, while
the freshly prepared Cas9 had a homogenous peak at around 20 nm (Figure 5A, B, C).

Despite unfortunate losses, we were able to obtain promising data in our initial mouse trial,
with the Cas9-nanobody treated mouse producing significantly less IFNy response, and thereby
greater tolerance than the nanobody and vehicle controls (Figure 5D). However, further
experiments are required due to a lower than expected response in mice treated with the Cas9
control and a higher than expected result from the nanobody control group.

To avoid future complications, all samples were doped with 1ImM DTT after quenching to
prevent aggregate formation and sterile filtered through 0.2 um membranes to remove any
large particulates from the sample before freezing. Three months after the initial round of
mouse experiments the protocol was repeated with reducing buffer and included Cas9 and the
nanobody co-administered as a control. These data showed a more expected result, with Cas9
and buffer treated mice showing the greatest IFNy via cytokine staining when exposed to a
fresh dose of Cas9. We saw a significant reduction in IFNy response between the Cas9 alone
and the Cas9-nanobody fusion, indicating partial tolerance induction. However, the IFNy signal
in nanobody treated controls and the Cas9 with nanobody control was comparable to the Cas9-
nanobody fusion. Repeat experiments at different dosages will likely be required to validate
these results.

In discussions with the Ploegh lab it appears that 100 ug of conjugate is often delivered for their
experiments on tolerance induction. One potential source of error in our experiment is that the
Cas9 constructs are roughly 2-5x the size of comparable products from their tests, indicating
the need to increase dosage. This work is ongoing and will likely require several more trials
before publishable data is obtained.
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Figure 5. Cas9 aggregation analysis and mouse model results A. DLS data showing particle
size distribution for Cas9 solutions in oxidized and reducing conditions. Lower trace shows
distribution from 0 to 1000 nm, while top trace shows a zoomed in trace from 0 to 100 nm.
Oxidized sample shown in light green exhibits a significant peak at 400 nm, indicative of
aggregate formation. Reduced peak shows a moncdisperse species at 19 nm. B. Crystal
structure of Cas9 (PDBID 5F9R) with surface cysteines shown in red. C. Representation Cas9
aggregates due to disulfide bonding. D. IFNy response in mice treated with Cas9 constructs
as measured via ELISPOT (Left) or intrcellular cytokine staining (Right). Mice were treated
systemically via retro-orbital injection on day 0 with the VHH7-Cas9 reagent or controls (buffer,
VHH7 nanobody alone, Cas9 alone, Cas9 combined with VHH7). Mice were then immunized
with Cas9 protein + adjuvant on day 7 and 14. On day 21, spleens were harvested from the
treated animals as well as a naive, untreated mouse. The splenocytes were then left unstimu-
lated (media, open circles) or were stimulated with Cas9 protein (blue squares). . E. A repeat
of the experiment in D with freshly prepared samples in reducing buffer. Here we see a
significant reduction in immune response comparing Cas9 and nanobody conjugated samples,
however the small difference between the VHH7 alone and the conjugate indicates further

experimentation is required.
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4.4 Conclusion and Future Directions

Targeted tolerance induction is a longstanding goal of immunological research with enormous
potential outside of applications towards CRISPR therapies.1®'>27 The development of a trivial
coupling protocol to convey tolerance on a generic protein cargo would have a staggering
impact on our approach to allergy treatments, organ transplants, and all manner of
autoimmune disorders. Given recent appreciation for the broad prevalence of Cas9
immunogenicity, this work has particular import to the field of CRISPR therapeutics. The ability
to pre-treat patients with a tolerance inducing compound could prevent rejection of cells
modified with Cas9 and might even be used to prevent immune build up following repeat
injections.3%!

In this work, we show that tyrosinase coupling is capable of attaching a variety of proteins
including Cas9 to both IgG Fc domains and VHH7 nanobodies. While I1gG Fc coupling efficiency
remains low, modification of the tyrosine tag could enable higher efficiency coupling in future
work. It is worth noting that modification of the C-terminus of the Fc domain could prevent
binding to relevant receptors, but this remains unclear without further analysis. We lay out a
robust protocol capable of generating large volumes of Cas9-nanobody conjugates using resin-
bound tyrosinase and validate endotoxin removal protocols for the conjugation products.

Early results from mouse trials with these conjugates are promising but require further
experimentation to determine the source of low signal in control samples. If successful, this
technique can be readily adapted for a variety of allergens and may offer an alternative to
chronic allergy medication.

4.5 General Procedures and Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and used
without further purification. Water (ddH,0) used in biological procedures or as a reaction
solvent was de-ionized using a NANOpure purification system (Barnstead, USA). All
oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). Terrific
broth used in Cas9 expression was purchased from Mediatech Inc. (Maryland, VA). Spin
concentrators were obtained from EMD Millipore (Millipore, Billerica, MA).

Instruments and Characterization

Mass Spectrometry. Protein bioconjugates were analyzed using an Agilent 1200 series liquid
chromatograph (Agilent Technologies, Santa Clara, CA) that was connected in-line with an
Agilent 6224 Time-of-Flight (TOF) LC/MS system equipped with a turbospray ion source.
Samples were run with a Proswift RP-4H chromolith column (Agilent Technologies, USA).
Protein mass reconstruction was performed on the charge ladder with Mass Hunter software
(Agilent, USA).
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UV-Vis Spectroscopic Measurements. UV-Vis spectroscopic measurements were conducted on
a Thermo Scientific nanoDrop 1000 scan benchtop spectrophotometer (Thermo Scientific,
Wilmington, DE). Spectra were collected in Proteins and Labels mode from 200-800nm, while
direct protein concentrations were calculated using Protein A280.

Gel Analyses. For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed in a NUPAGE apparatus (Life Technologies, Hercules, CA), using a 4-
12% precast linear gradient polyacrylamide gel (Bio-Rad, Hercules, CA). All protein
electrophoresis samples were heated for 10 min at 75 °C in the presence or absence as noted of
1,4-dithiothreitol (DTT) to ensure reduction of disulfide bonds. Gels were run for 34 min at 200
V to separate the bands. Commercially available markers (Bio-Rad) were applied to at least one
lane of each gel for assignment of apparent molecular masses. Visualization of protein bands
was accomplished by staining with Coomassie Brilliant Blue R-250 (Bio-Rad). Gels were
visualized on Gel-Doc EZ Imager (Bio-Rad).

Protein production
VHH7 and IgG Fc were obtained from the Roulet and Barton labs as a pre-isolated proetins.

Production of Cas9: Cas9 used in mouse studies was obtained from the UC Berkeley Macro Lab
in endotoxin-free form.

For test reactions Cas9 plasmids were generously provided by Dr. Brett Staahl. Plasmids were
transfected into BL21 E. coli cells, as per standard protocol and plated. After overnight
incubation the bacteria were inoculated into 1 L of Terrific Broth media with 0.1 g/L ampicillin.
Cells were cultured at 37 °C until an OD 600 of 0.8, then reduced to 18 °C for an hour before
induction with 0.1 g/L Isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were harvested via
centrifugation and lysed using sonication (Fischer Scientific FB120) using a 2 s on/ 5 s off cycle
at 70% for 10 min total of sonication.

After lysis, cells debris was pelleted, and the supernatant was passed through a Protino Ni-NTA
5 mL column to isolate the his6-tagged Cas9-MBP fusion. The Cas9 fusion was incubated
overnight at 4 °C on ice with his6 labeled TEV protease at 20:1 mass ratio, then sent through a
nickel column prepared with buffered media, where the MBP and TEV were retained on the
column, along with any un-cleaved Cas9-MBP.

The Cas9 was concentrated in a 100,000 MWCO spin concentrator down to a final volume of
0.5 mL, then injected onto a Superdex 200 10/300 GL size exclusion column and eluted with 2
column volumes. Out of the 4 primary peaks detected (Supplementary Figure 5) and analyzed
via ESI-TOF, only the second peak was found to contain Cas9. Lastly, purified Cas9 was
concentrated in a 10,000 MWCO spin concentrator.

Amino acid sequences for Cas9 with 2 NLS:
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SNATCDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRR
YTRRKNRISYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDST
DKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRR
LENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKN
LSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQE
EFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRI
PYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTY
HDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLING
IRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKV
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL
QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQL
LNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSK
LVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATA
KYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKE
SILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEA
KGYKEVKKDLIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFV
EQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRY
TSTKEVLDATLIHQSITGLYETRIDLSQLGGDAYPYDVPDYASLGSGSPKKKRKVEDPKKKRKVD

Expression and purification of Y200C-sfGFP: After sequence verification, a 10 mL overnight
culture of BL21 (DE3) Codon Plus RIL E. coli in TB medium with 50 pg/mL kanamycin was
inoculated into a 2.8 L trident Erlenmeyer flask with 1 L of sterile Terrific Broth (TB) medium
and kanamycin. The cultures were grown at 37 °C with 220 rpm shaking until O.D. at 600 nm
reached 0.6 — 0.8. To induce expression, IPTG was added from a 1.0 M stock to a final
concentration of 1.0 mM. The cultures were incubated at 37 °C for 12-16 hours. Cells were then
incubated for another 12-16 hours at 37 2C and pelleted. After freezing at -80 2C, cell pellets
were resuspended in 15 mL of an equilibration buffer (20 mM sodium phosphate, 2 M NaCl, 20
mM imidazole at pH = 7.4) and then lysed via sonication for 30 min at 60% amplitude. Cell
lysate was spun down at 14,000 rpm for 30 min, then the supernatant decanted before loading
on to a HisTrap FF Crude column. After binding, the bound protein was washed with 4 portions
of two resin bed volumes of wash buffer (20 mM sodium phosphate, 300 mM NacCl, 25 mM
imidazole at pH = 7.4) and subsequently eluted with four resin bed volumes of elution buffer
(20 mM sodium phosphate, 300 mM NacCl, 250 mM imidazole at pH = 7.4). The purified sfGFP
variant was then spun concentrated into 50 mM phosphate buffer at pH 7.2 using 10k MWCO
filters. Purified sfGFP samples were flash frozen and stored at -20 2C until use. Purified protein
was spin concentrated into 20 mM phosphate buffer at pH 7.0 using 10k MWCO spin filters
prior to reaction.

Y200C-sfGFP-Hiss-EEEEY Protein sequence:

ATGTCGAATAAATATCGTGTGCGTAAGAACGTCTTGCATCTGACGGACACAGAGAAACGCGACTTTGTT
CGCACCGTTCTTATCTTAAAAGAAAAAGGGATTTATGATCGCTACATCGCATGGCACGGAGCCGCAGGC
AAGTTCCACACGCCGCCTGGAAGCGATCGCAATGCGGCGCACATGTCGTCAGCTTTCTTACCATGGCAC
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CGCGAATATTTATTGCGTTTTGACGCGACCTTCAAAGCATTAACCCCGAGGTCACACTGCCCTATTGGGA
GTGGGAAACCGATGCTCAAATGCAAGATCCTCTCAATCTCAGATTTGGTCCGCAGACTTTATGGGGGGA
AACGGTAATCCGATCAAGGATTTCATCGTGGACACGGGACCATTTGCGGCAGGGCGCTGGACCACGATT
GATGAGCAAGGAAACCCTAGTGGGGGTCTGAAACGTAATTTCGGTGCGACAAAAGAAGCGCCCACATT
GCCTACTCGTGACGATGTCTTGAACGCACTTAAAATCACGCAGTATGACACGCCGCCGTGGGATATGAC
TTCGCAGAACTCTTTCCGCAATCAGCTGGAAGGCTTTATTAACGGGCCTCAGCTTCACAATCGCGTCCAC
CGCTGGGTAGGCGGACAAATGGGTGTTGTGCCCACTGCCCCGAATGACCCCGTCTTCTTCTTGCATCATG
CTAACGTCGACCGTATCTGGGCCGTCTGGCAGATCATCCACCGCAACCAGAATTACCAACCGATGAAGA
ACGGCCCATTCGGGCAGAACTTCCGCGATCCTATGTACCCCTGGAATACAACACCCGAAGACGTTATGA
ATCATCGCAAATTAGGTTACGTTTATGACATCGAACTTCGCAAGAGTAAGCGCTCCTCTctcgagcaccacca
ccaccaccactga

Corresponding to:
MSNKYRVRKNVLHLTDTEKRDFVRTVLILKEKGIYDRYIAWHGAAGKFHTPPGSDRNAAHMSSAFLPWHRE
YLLRFERDLQSINPEVTLPYWEWETDAQMQDPSQSQIWSADFMGGNGNPIKDFIVDTGPFAAGRWTTIDE
QGNPSGGLKRNFGATKEAPTLPTRDDVLNALKITQYDTPPWDMTSQNSFRNQLEGFINGPQLHNRVHRWYV
GGQMGVVPTAPNDPVFFLHHANVDRIWAVWQIIHRNQNYQPMKNGPFGQNFRDPMYPWNTTPEDVM
NHRKLGYVYDIELRKSKRSSLEHHHHHH*

1gG1 Fc sequences

YNNN-Fc
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGTACAACAACA
ACATATCGGCCATGGTTAGATCTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTGAACTCCTGGG
GGGACCGTCAGTCTTCCTCTTCCCCCCAAAACCCAAGGACACCCTCATGATCTCCCGGACCCCTGAGGTC
ACATGCGTGGTGGTGGACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACTGGTACGTGGACGGCGT
GGAGGTGCATAATGCCAAGACAAAGCCGCGGGAGGAGCAGTACAACAGCACGTACCGTGTGGTCAGC
GTCCTCACCGTCCTGCACCAGGACTGGCTGAATGGCAAGGAGTACAAGTGCAAGGTCTCCAACAAAGCC
CTCCCAGCCCCCATCGAGAAAACCATCTCCAAAGCCAAAGGGCAGCCCCGAGAACCACAGGTGTACACC
CTGCCCCCATCCCGGGAGGAGATGACCAAGAACCAGGTCAGCCTGACCTGCCTGGTCAAAGGCTTCTAT
CCCAGCGACATCGCCGTGGAGTGGGAGAGCAATGGGCAGCCGGAGAACAACTACAAGACCACGCCTCC
CGTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAAGAGCAGGTGGCAGCA
GGGGAACGTCTTCTCATGCTCCGTGATGCACGAGGCTCTGCACAACCACTACACGCAGAAGAGCCTCTC
CCTGTCTCCGGGTAAATGA

Corresponding to an amino acid sequence (with Tyrosine tag in bold):
MYRMOQLLSCIALSLALVTNSYNNNISAMVRSDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCV
VVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHOQDWLNGKEYKCKVSNKALPAPIE
KTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFL
YSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK*

Fc-NNNY
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGATATCGGCCAT
GGTTAGATCTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTGAACTCCTGGGGGGACCGTCAGT
CTTCCTCTTCCCCCCAAAACCCAAGGACACCCTCATGATCTCCCGGACCCCTGAGGTCACATGCGTGGTG
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GTGGACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACTGGTACGTGGACGGCGTGGAGGTGCATAA
TGCCAAGACAAAGCCGCGGGAGGAGCAGTACAACAGCACGTACCGTGTGGTCAGCGTCCTCACCGETCC
TGCACCAGGACTGGCTGAATGGCAAGGAGTACAAGTGCAAGGTCTCCAACAAAGCCCTCCCAGCCCCCCA
TCGAGAAAACCATCTCCAAAGCCAAAGGGCAGCCCCGAGAACCACAGGTGTACACCCTGLCCCCCATCCC
GGGAGGAGATGACCAAGAACCAGGTCAGCCTGACCTGCCTGGTCAAAGGCTTCTATCCCAGCGACATC
GCCGTGGAGTGGGAGAGCAATGGGCAGCCGGAGAACAACTACAAGACCACGCCTCCCGTGLTGGACTC
CGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAAGAGCAGGTGGCAGCAGGGGAACGTCTT
CTCATGCTCCGTGATGCACGAGGCTCTGCACAACCACTACACGCAGAAGAGCCTCTCCCTGTCTCCGGGT
AAAAACAACAACTACTGA

Corresponding to an amino acid sequence (with Tyrosine tag in bold):
MYRMQLLSCIALSLALVTNSISAMVRSDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVS
HEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKA
KGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTV
DKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGKNNNY *

VHH7 Nanobody sequence:
ATGAAATACCTATTGCCTACGGCAGCCGCTGGATTGTTATTACTCGCGGCCCAGCCGGCCATGGCCCAG
GTGCAGCTGCAGGAGTCAGGGGGAGGATTGGTGCAGGCTGGGGACTCTCTGAGACTCTCCTGCGCAGC
CTCTGGACGCACCTTCAGTCGCGGTGTAATGGGCTGGTTCCGCCGGGCTCCAGGGAAGGAGCGTGAGT
TTGTAGCAATCTTTAGCGGGAGTAGCTGGAGTGGTCGTAGTACATACTATTCAGACTCCGTAAAGGGCC
GATTCACCATCTCCAGAGACAACGCCAAGAACACGGTGTATCTGCAAATGAACGGCCTGAAACCTGAGG
ACACGGCCGTTTATTACTGTGCAGCGGGATATCCGGAGGCGTATAGCGCCTATGGTCGGGAGAGTACAT
ATGACTACTGGGGCCAGGGGACCCAGGTCACCGTCTCCTCAGGAGGACTGCCGGAAACCGGLGGCCAC
CACCATCACCATCACGGCGGCTATTAA

Corresponding to an amino acid sequence (with Tyrosine tag in bold):
MKYLLPTAAAGLLLLAAQPAMAQVQLQESGGGLVQAGDSLRLSCAASGRTFSRGVMGWFRRAPGKEREFV
AIFSGSSWSGRSTYYSDSVKGRFTISRDNAKNTVYLOMNGLKPEDTAVYYCAAGYPEAYSAYGRESTYDYWG
QGTQVTVSSGGLPETGGHHHHHHGGY*

Cas9 to IgG1 Fc domain coupling protocol

In all trials unless otherwise noted Cas9 was held at 10 uM with Fc concentration varying from 1x to
100x cas9 concentration. Reactions typically ran for 1 h on ice, in a buffer containing 20 mM HEPES,
300 mM NaCl and 200 mM Trehalose at pH 6.5.

Tyrosinase resin protocol

In order to retain maximum binding capacity of the pre-activated medium prior to the coupling step, use
cold (0 °Cto 4 °C) solutions. The time interval for all washing steps must be minimized; prepare all
required solutions prior to coupling the protein.

1. Make tyrosinase solution at 2 mg/mL in 50 mM PB, pH 8.0.
2. For X uL of NHS-activated Sepharose 4 Fast Flow, wash sepharose resin 2X plL of cold 1 mM HCI
and then 9 x X uL immediately before use. (Use small SPPS columns for washing.)
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3. Drain last portion of HCI, and add X pL of the appropriate tyrosinase solution. Check pH to
ensure it is around pH 8.0. (Can skip checking pH — found it was around 7 the first time and have
never needed to adjust it.

4. Wrap in parafilm and rotate at 4 °C overnight.

5. Drain + keep tyrosinase coupling solutions (keep coupling solution only if you want to quantify
how much protein is on resin). Wash 4 x with 100 pL of 50 mM PB, pH 8.0 (again keep solution if
you want to quantify).

6. Block unreacted NHS by incubating resin with 2X uL of 0.5 M ethanolamine, 0.5 M NaCl, pH 8.3
for 2 hours at RT.

7. Drain block solution and wash resin by alternating between 0.1 M Tris-HCI buffer pH 8 to 9 and
0.1 M acetate buffer, 0.5 M NaCl pH 4 to 5. Wash with 3 x X pL Tris buffer followed by 3 x X pL
acetate buffer. Repeat this cycle 4 times. Wash with 50 mM PB, pH 8.0 x 1.

8. Re-suspend final resin in 50 mM PB, pH 8.0.

Using the above protocol, were X= 500 puL, 500 pL of resin was prepared and used in all
reactions.

Endotoxin removal

The UC Berkeley MacroLab has shown excellent results using the PallCorp Mustang E-
Membrane Acrodisc©. Cas9 obtained from the MacroLab was purified using this filter system
and shows roughly 20% loss per filter cycle. Unfortunately, we found that the VHH7 nanobody
and nanobody-Cas9 fusions bound tightly to the Acrodisc and were resistant to elution. Pierce
endotoxin removal resin was found to release the nanobody samples and was used for all
samples produced. Pierce resin was used according to manufacturer’s protocols where the
sample buffer used contained 20 mM HEPES, 300 mM NaCl and 200 mM Trehalose at pH 6.5.
Samples were incubated for 2 hours on resin before final elution to maximize endotoxin
removal. Nanobodies were filtered twice, once upon arrival, and again before sample delivery.

Cas9-nanobody Tyrosinase Coupling Protocol

Endotoxin free Cas9 was obtained from the UC Berkeley MacroLab. Nanobodies were obtained
from the Barton/Raulet labs and endotoxins removed as above prior to reaction. Cas9 was
diluted to 5.15 mg/mL or 40 uM, and nanobodies were diluted to 1.5 mg/mL or 100 uM in a
contained 20 mM HEPES, 300 mM NaCl and 200 mM Trehalose at pH 6.5 buffer. For the
reaction 300 pL of Cas9 was combined with 1050 uL of VHH7 nanobody and 135 L tyrosinase
beads. Samples were rotated end over end for 2 h prior to quenching by addition of 100 uL 25
mM tropolone with 10 mM dithiothreitol (DTT). Samples were then passed through a 0.2 uM
sterile filter to remove tyrosinase beads and applied to endotoxin filters as above, before
dilution with sterile buffer to 1 mg/mL final concentration by UV 280 and a final filtration
through 0.2 uM sterile filter and flash freezing. Control samples were prepared by combining
500 uL Cas9 with 100 uL of VHH7 nanobodies to replicate a 1:2 molar ratio of Cas9:nanobody
and treated identically to above, as were Cas9 and nanobody alone controls.

Endotoxin Assay
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Pierce™ Chromogenic Endotoxin Quant Kits (Catalog no. A39552) were obtained from Thermo
Fischer and used per manufacturers instructions, with samples diluted 2-10x before
quantiation.

Mouse Treatment protocol (Conducted by Gabrielle Reiner in the Barton lab)

We treated mice systemically (retro-orbital injection) on day 0 with 100 ug of VHH7-Cas9
reagent or controls (buffer, VHH7 nanobody alone, Cas9 alone). Then we immunized the mice
with Cas9 protein + adjuvant on day 7 and 14. On day 21, spleens were harvested from the
treated animals as well as a naive, untreated mouse. The splenocytes were then left in
unstimulated (media, open circles) or were stimulated with Cas9 protein (blue squares). T cells
that recognize Cas9 will make IFNy upon stimulation which was assayed via ELISPOT or
intracellular cytokine staining. All mouse work was completed under Berkeley Animal use
Protocol AUP-2017-03-9679-1.
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Chapter 5. Identification and evolution of prokaryote tyrosinases for
selective tyrosine oxidation

Abstract:

The most commonly available form of tyrosinase is extracted from the mushroom Agaricus
bisporous and has been used to great effect in protein coupling reactions. However, it is limited
in application and modification since it is obtained as an extract. We screened a several
tyrosinase candidates and identified a bacterial tyrosinase from the literature (bmTYR) which
shows ideal behavior and stable recombinant expression. We find that bmTYR is not only
capable of activating proteins previously untouched by abTYR, but also shows a broader range
of substrate tolerance based on peptide charge. We use the expanded substrate preference as
a basis for evolution and show that single point mutants of bmTYR are capable of substrate
discrimination and show potential for the creation of protein oligomers.

This work was conducted in collaboration with Casey Mogilevsky and would not have been
possible without his efforts. bmTYR validation on protein L was conducted by Alan Marmelstein.
Portions of this text appeared previously in a paper and are reproduced herein with permission
from Alan Marmelstein, Casey Mogilevksy, Johnathan Maza, Daniel Brauer, and Matthew
Francis. Tyrosinase-Mediated Oxidative Coupling of Tyrosine Tags on Peptides and Proteins. J.
Am. Chem. Soc. 142, 5078-5086 (2020).
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5.1 Tyrosinases for protein modification

Tyrosinase enzymes have emerged over the past several years as exciting tools for
native amino acid activation and protein-protein fusions. Tyrosinases are present in most forms
of life as they play an important role in melanin synthesis which is vital for protection from UV
damage to DNA.Y2 Representing the first step of the melanin synthesis pathway tyrosinase
oxidizes free tyrosine into an ortho-quinone (o-quinone) which then cyclizes with the free
amine, producing eumelanin.3 Due to their central role in melanin production, tyrosinases have
been the subject of much study for the field of cosmetics and whitening products abound with
tyrosinase inhibitors to prevent tanning.*>

Starting in the 1980s it was appreciated that tyrosinases could act on tyrosine residues within a
peptide backbone.® This observation sparked interest in tyrosinase applications for protein
functionalization. Several works have reported the use of tyrosinases for activation of tyrosines
in protein backbones utilizing a variety of functional groups.’2

Since Maza et al. showed the potential to utilize tyrosinase for protein modification,® the
Francis lab has published a number of papers showing the utility of tyrosinase from Agaricus
bisporus (abTYR) in tyrosine activation.’™!! Due to its applications in food homogenization
abTYR is available at the industrial scale as an extract from mushrooms.'?13 There are several
protein homologues of the protein expressed by Agaricus bisporus believed to be responsible
for tyrosinase activity and commercially available extracts are comprised of a mixture of these
proteins.>'31 Furthermore, since abTYR proteins are not amenable to recombinant expression,
it was impossible to evolve or modify the enzyme. To remedy this we sought out a number of
tyrosinases that had been identified in the literature which could be recombinantly expressed
and possessed the phenol oxidase behavior required for our goal of protein coupling.

We identified tyrosinases from Bacillus megaterium (bmTYR) and Candidatus Nitrosopumilus
koreensis (cnkTYR) as optimal candidates for recombinant expression.*>'®* BmTYR was selected
due to a strong literature presence including several studies which showed that the enzyme
tolerated point mutations while retaining high activity on free tyrosine.'®> The published
structures for bmTYR were another benefit for protein engineering approaches as they would
allow us the rational design of point mutants and facilitate computational analysis of the
protein.'> cnkTyr was recently shown to have excellent monophenol monooxygenase activity
and to tolerate low temperatures without significant loss in catalytic efficiency.® Given our
focus on Cas9 modification that requires reaction temperatures of 4 °C, the low temperature
tolerance of cnkTyr was an exciting candidate, despite the lack of available crystal structure.

5.2 Production and screening of prokaryote tyrosinases

The catalyst for these explorations was the realization that abTYR was incapable of
activating phenols attached to a single stranded DNA (ssDNA) substrate. Our first experiment
with bmTYR showed significant coupling between GFP and the phenol-DNA (Figure 1A). From
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the results of the DNA coupling trials we determined that some aspect of the substrate was
preventing activation by amTYR but was tolerated by bmTYR (Figure 1B). We sought to examine
the substrate preference of the new tyrosinases, specifically their charge and steric tolerance. A
peptide library with tyrosines at the C-terminus was ordered from GeneScript, shown in
Supplemental Table 4.1, which contained a variety of charged and neutral peptides to assess
charge preference and steric tolerance of the tyrosinases. Peptides were coupled to Y200C GFP
in 30 min reactions and analyzed via ESI-TOF MS to determine conversion to modified protein
for each peptide. Comparing abTYR to the two prokaryotic tyrosinases it is readily apparent that
abTYR is significantly more sensitive to negative charge. In fact, abTYR shows no activity
towards any peptide with more than a single acidic residue. Also of note is the fact that bmTYR
shows high activity towards all peptide substrates, with a drop in activity only in the case of the
RRRRY peptide. These results supported the earlier challenge activating ssDNA substrates using
abTYR, and suggest that bmTYR may serve as a highly permissive tyrosine activator.

One odd result observed in our study was that cnkTyr samples showed excess oxidation
which was present without the tyrosine containing peptides. This indicates that cnkTyr might be
capable of activating tyrosines along the peptide backbone of GFP. Unfortunately we were
unable to identify a consistently modified residue, indicating potential non-specific activity. The
crystal structures of the three tyrosinases were examined to determine the origin of their
selectivity, with cnkTyr represented by a homology model.2® abTYR is found as a hetero-
tetramer and shows significant steric occlusion of the active site,'” while bmTYR and cnkTyr
show a much more open active site, giving rise to their more permissive activities. Due to this
complication and the lack of off target activity of bmTYR, cnkTyr was dropped from further
experiments. However, further exploration or engineering of cnkTyr could yield a more specific
phenol monooxygenase capable of acting with higher precision.

The smaller size and more exposed active site of bmTYR were utilized in recent
publication by Marmelstein, which showed that protein L derivates with tyrosine tags could not
be activated by abTYR despite significant engineering of the protein C-terminus (Supplemental
Figure 1).1° Using bmTYR we were able to mediate efficient coupling between protein L and
small molecule cargo, showing the utility of the smaller tyrosinase.'° It is probable that
difference in size was the primary factor in these experiments as a library of tyrosine tags on
protein L were tried and all were efficiently modified by bmTYR.1° The size difference is readily
apparent when the bmTYR monomer is compared to the tyrosinase active complex (Figure 2A).
In further experiments we have shown that bmTYR efficiently mediates coupling between GFP
and luciferase, indicating that this is a versatile tool capable of equivalent activity to abTYR. This
is of significant benefit to the field as bmTYR is readily produced at 50-100 mg per L of culture,
whereas abTYR must be purchased at $150 for 18 mg. The other benefit of recombinant
expression is the ready mutation of the enzyme, allowing for novel functionality to be explored.
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Figure 1. Identification of charge preferences in tyrosinase samples. A. SDS-PAGE gel showing modification of
sfGFP Y128C with phenol modified ssDNA sample. Each gel shows a ladder, followed by the GFP control, then
the GFP-DNA reaction with the indicated tyrosinase. Product band marked with a yellow asterisk (*). B. Reaction
scheme showing reaction depicted in A. C. Peptide reaction screen showing percent conversion of Y200C sfGFP
with the indicated peptide. All reactions carried out at 50 uM Y200C sfGFP, 250 uM peptide, and 12 U/L equivalent
of either abTyr (dark blue), bmTyr (blue), or cnkTyr (grey) in 50 mM pH 6.5 phosphate buffer for 30 min before
quench with 4 mM tropolone and analysis via ESI-TOF-MS. Deconvoluted data were analyzed on charto-
graph.com with percent conversion calculated as percentage of peak area for the modified vs unmodified sam-
ples.

5.3 Evaluation of bmTYR mutants

There exists a significant literature on the impact of point mutants on the tyrosinase
activity of bmTYR.? We selected R209H, D55K, and V218G as potential mutants of interest due
to their impacts on diphenolase activity, charge, and copper binding respectively.'>'8 After
initial screening it appeared that R209H decreased the charge preference of bmTYR, while D55K
appeared to increase the preference for anionic substrates as shown by the higher rate of
modification with the EEEEY peptide than in other mutants (Figure 2B, structures with residues
highlighted in Figure 2D). To assess the degree of substrate preference we ran competition
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assays containing both EEEEY and RRRRY peptide with low tyrosinase concentrations to
minimize substrate saturation. In these assays abTYR showed no activity towards EEEEY, while
R209H showed similar preference for the two. Interestingly, wild type bmTYR showed a 90%
preference for EEEEY, while the D55K mutant pushed this to 95% (Figure 2C). These results
indicated that increasing the net positive charge on bmTYR might yield a tyrosinase incapable of
activating cationic substrates in a similar manner to abTYR with anionic targets.

Generating orthogonal tyrosinases is of great interest to the field as it would enable the
facile creation of protein chains by coupling anionic and cationic tagged proteins sequentially in
a manner similar to peptide synthesis but using entire proteins as building blocks. Controlled
production of multi-protein polymers is of use for protein based materials, biomedical
technologies, and enzyme engineering.

As a first step towards this goal we generated two double mutant versions of bmTYR,
D55K, V218K and D55K, E141K. The enzymes were successfully produced but showed minimal
change to substrate preference in our peptide competition assay (Figure 2C). These slightly
disappointing results indicated that we would need a more rigorous approach to generating
charged mutants of bmTYR.
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Figure 2. Point mutants of bmTyr and their impact on substrate preference. A. Size comparison between the
abTYR hetero-octamer complex and the abTYR monomer to illustrate the size difference between the active form
of the two enzymes. B. Comparison of reactivity of abTYR vs single mutants of bnTYR on peptides EEEEY and
RRRRY. Reaction carried out 30 min at RT. in 50 mM pH 6.5 phosphate buffer, 12 U/L tyrosinase, 50 uM Y200C
sfGFP and 250 pM peptide. Reaction quenched with 4 mM tropolone. C. Competition reaction between RRRRY
and EEEEY peptides to assess substrate preference of tyrosinase mutants. Reactions carried out for 30 min at
RT in 50 mM pH 6.5 phosphate buffer. Tyrosinase concentration reduced to 3 U/L to reduce substrate saturation,
with 50 uM Y200C sfGFP and 250 pM peptide. Reaction quenched with 4 mM Tropolone. All samples analyzed
via ESI-TOF-MS and quantified using chartograph.com for peak integration. D. Structural comparison of abTYR
vs bmTYR with locations of point mutants highlighted. R209 shown in yellow, V218 in magenta, and D55 in blue.
Structures show Asp and Glu residues in red and Lys and Arg in blue.

To assess the utility of modulating the tyrosinase charge abTYR, bmTYR, and the bmTYR
mutants were modeled in Maestro and used the charge mapping tool from MacroModel to
calculate the surface potential for each of the proteins compared to a point charge placed 10
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Angstroms from the active site copper atoms (Figure 3A). We found that abTYR monomers had
a net potential of -4.4 due to high concentrations of acidic residues on the surface and
corresponds to an isoelectric point (pl) of only 4.41. When the active hetero-tetramer of abTYR
is considered the net potential drops to -15.7.%7 In contrast, bmTYR was shown to have a net
potential of 4.4 and a pl of 8.66, correlating well with the observed charge preference.
Modeling the point mutants of bmTYR showed that R209H had a potential of 3.0, a significant
drop compared to the wild type. D55K corresponded to a potential of 7.33, with the double
mutants showing variable change in net change compared to D55K (Figure 3B). Given the
magnitude of the difference in potential between abTYR and bmTYR we hypothesized that a
bmTYR mutant with a surface potential of +15 would be sufficient to confer similar levels of
selectivity against cationic substrates as seen with abTYR and anionic substrates. A complete
listing of all tyrosinase mutants evaluated is available in Supplementary Table 4.5.

A
D55K bmTYR R209H bmTYR
B Protein Isoelectric point (pl)| Net Charge Solvated Potential (V) A Potential (V)
abTYR (monomer) 4.41 -13 -4.4 NA
abTYR (complex) 4.41 -39 -15.7 NA
bmTYR 8.66 7 4.4 NA
R209H 8.02 6 3 -1.33
D55K 9.13 9 7.33 2.9
D55R 9.15 9 7.49 3.1
D55K V218K 9.26 10 5.65 1.2
D55K E141K 9.37 11 9.25 4.8

Figure 3. Calculations on tyrosinase mutants. A. Surface potential maps of abTYR and several bmTYR mutants
with negative charge in red and positive charge in blue. B. Table showing results of charge potential calculations
for the various tyrosinase mutants. For each tyrosinase a point charge was placed 10 Angstroms from the copper
atoms within the active site and potential charge was calculated usig the Macromodel module of Maestro devel-
oped by Schroedinger. A potential calculated as change in potential between the wild type and the listed mutant.
pl and net charge calculated using the protparam tool at web.expasy.org

The STRIDE algorithm was used to map 15 amino acid mutations that together yielded a
protein with a net +30 charge. This sequence was ordered and transformed into cells but
unfortunately did not yield stable protein. Future experiments will focus on combining one to
two of the mutations with the D55R mutant already shown to possess greater charge selectivity
to hopefully create bmTYR with no activity towards cationic targets.
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We were curious to examine the rate constants of these reactions to understand the
origin of the charge preference observed with abTYR and the mutants of bmTYR. Previous work
has shown that amine addition into the ortho-quinone ring produces a chromophore with
strong absorbance at 475 nm. This has been used with free tyrosine to track the rate constants
of many previously studied tyrosinases and we developed a similar assay using proline as an
amine to produce an analogous chromophore. Trials were successful in the case of the GGGGY
peptide, but we quickly discovered that the RRRRY and EEEEY peptides showed spectral
properties that differed from the expected values. Even after controlling for pH we were unable
to replicate similar values, indicating incompatability with our approach. We next ordered a
series of N-terminal peptides YGGGG, YRRRR, YEEEE and YNNNN in the hopes that the N-
terminal tyrosine could self-cyclize, producing the desired dopachrome-like chromophore.
Unfortunately the YRRRR peptide formed an opaque solution when exposed to tyrosinase, and
the other peptides displayed divergent spectral properties. At the time of this writing we are
unsure of the cause of these issues and will continue further investigation.

5.4 Protein trimers through tyrosinase selectivity

Although the bmTYR mutants to date were not fully prevented from acting on cationic
substrates, the range in selectivity between abTYR and bmTYR proved a tantalizing target. The
cysteine containing Y200C sfGFP was modified with an EEEEY C-terminal extension to evaluate
whether abTYR was incapable of activating an anionic tag when attached to a full protein
(Figure 4A, B). After purification, the Y182C sfGFP-EEEEY (GFP-E4Y) was modified with a biotin-
maleimide, then exposed to abTYR for 30 min prior to quenching and analysis. No oxidation was
observed when analyzed via ESI-TOF MS, indicating that the EEEEY tag was not susceptible to
abTYR activation (Figure 4C). We then exposed the GFP-E4Y to a phenol-biotin in the presence
of abTYR and showed full conversion to the singly-modified GFP-E4Y-biotin without sign of
further oxidation (Figure 4D). After purification using a 10 kDa MWCO spin concentrator, GFP-
E4Y-biotin was combined with Y200C sfGFP and 12 U/L wt bmTYR for 30 min and analyzed via
ESI-TOF-MS. While some higher order aggregates appear due to over-reactivity, the data show
over 70% conversion to the trimer composed of two GFP proteins and a biotin molecule,
making this one of the first techniques capable of creating 3-component fusions without the
need for solid support tethering or removable protective groups (Figure 4E).

To evaluate the potential of the alternating tyrosinase reaction for the creation of
protein trimers GFP-E4Y was combined with a tyrosine tagged nano-luciferase and 12 U/L
abTYR to activate the luciferase tag. The resulting GFP- E4Y-nano-luciferase solution was
purified by a 30 kDa MWCO spin concentrator prior to subsequent reaction with Y200C sfGFP
and 12 U/L bmTYR, resulting in the GFP-GFP-luciferase trimer. We again saw almost 80%
conversion from the dimer to the final product, indicating that bmTYR is capable of catalyzing
tyrosinase oxidation on anionic tags even in the presence of multi-protein complexes.
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Figure 4. Use of tyrosinase charge selectivity for synthesis of ternary protein complexes. A. Protein maps for
Y200C sfGFP (Y200C), Y200C with EEEEY tag (GFP E4Y) and MYGGS tagged nano Luciferase (nanoLuc).
B. Biotin modification of GFP E4Y. Control shows mass of GFP E4Y (28430 Da). C. Biotin-maleimide coupled
to GFP E4Y by combining 50 yM GFP E4Y with 500 pM biotin-maleimide at pH 7.5 for 2 h. D. GFP E4Y was
coupled to biotin-phenol by combining 50 uM GFP E4Y with 200 uM biotin-phenol with 12 U/L abTYR in 50
mM phosphate pH 6.5 for 30 min at RT. Product mass expected = 29054 Da. E. Reaction of 10 uM
GFP-E4Y-biotin-phenol with 50 pM Y200C GFP with 12 U/L bmTYR for 30 min at RT. Expected mass for
GFP+GFP+biotin = 56618. F. Reaction of 50 yM GFP-E4Y with 100 uM nanoLuc and 12 U/L abTYR for 30
min. GFP + nanoLuc structure shown above chart. Expected mass = 49310. Additional conversion is likely
possible with higher equivalent of nanoLuc. Large GFP dimer peaks observed G. GFP E4Y-nanoLuc (10 uM)
purified by spin down using a 30 kDa MWCO spin concentrator combined with 100 uM Y200C GFP and 12
U/L bmTYR for 30 min at RT yielded nearly complete conversion of E4Y GFP-nanoLuc to the GFP-GFP-
nanolLuc trimer. Trimer structure shown above spectrum. Expected mass = 76877 Da. Large excess of
Y200C GFP produced a significant dimer peak at 55096 Da.

5.5 Conclusion and Future Directions
Here we show that recombinantly expressed prokaryote tyrosinases are successful activators of
terminal tyrosine residues on a variety of protein substrates. While cnkTyr showed insufficient
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selectivity for our purposes, its ability to oxidize tyrosine residues within peptide backbones
remains a promising result that warrants future examination and could be utilized as a basis for
engineering sequence specific tyrosine activators.

The results from the bmTYR mutant screen show that bacterially derived tyrosinases possess
sufficient selectivity to mediate protein-protein coupling through tyrosine-cysteine bond
formation. Our success at modulating the charge preference of this enzyme indicates that it is
tolerant to mutation and could be engineered towards orthogonal activity compared to abTYR.
To this end, single and double mutant versions of the enzyme should be assayed to determine
compatible mutations that will enable supercharging of the enzyme while retaining activity. The
protein trimers created using the combination of abTYR and bmTYR in sequence show that
minimal engineering is required to produce a system capable of creating higher order protein
constructs.

5.6 General Procedures and Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and used
without further purification. Water (ddH,0) used in biological procedures or as a reaction
solvent was de-ionized using a NANOpure purification system (Barnstead, USA). All
oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). Terrific
broth used in Cas9 expression was purchased from Mediatech Inc. (Maryland, VA). Spin
concentrators were obtained from EMD Millipore (Millipore, Billerica, MA).

Instruments and Characterization

Mass Spectrometry. Time of flight electrospray ionization mass spectrometry (TOF-ESI-MS) of
proteins was performed using an Agilent 1260 series liquid chromatography (LC) system with an
Agilent 6224 TOF LC-MS system (Santa Clara, CA). For mobile phases, the system utilized Milli-Q
H20 with 0.1% (v/v) formic acid (solvent A) and HPLC grade ACN with 0.1% (v/v) formic acid
(solvent B). Before submission to analysis, each sample was desalted and passed through a 0.22
um cellulose acetate centrifugal filter. Samples of 2 -10 pL were injected, corresponding to 0.2
to 1.0 pg of protein. The sample was separated on a Proswift RP-4H (monolithic phenyl, 1.0 mm
x 50 mm, Dionex) analytical column with a flow rate of 0.30 mL/min and a gradient of 5-100%
solvent B in solvent A over 8 minutes. Agilent Mass Hunter Workstation software (Qualitative
Analysis Version B.05.00, Build 5.0.519.13, ©Agilent Technologies Inc. 2011) was used to
extract total ion chromatograms from raw data and the Maximum Entropy deconvolution
algorithm was used to reconstruct the original analyte masses. CSV files of spectra were plotted
using the open source Chartograph software (www.chartograph.com). Integration of an
unmodified protein sample served as an internal standard for determining conversion.

Size Exclusion HPLC. HPLC purification of Encapsulated proteins was performed on an Agilent
1100 Series HPLC Systems (Agilent Technologies, USA) outfitted with an Agilent 1200 series
automatic fraction collector. Sample analysis for all HPLC experiments was achieved with an
inline diode array detector (DAD) and in-line fluorescence detector (FLD). HPLC of capsids and
proteins was accomplished using a BioSep-SEC s4000 column 300 x 7.8 mm column

128



(Phenomenex, Torrance, CA). The samples were eluted in isocratic flow of 10 mM or 100 mM
pH 6.8 phosphate buffer at 1 mL/min.

UV-Vis Spectroscopic Measurements. UV-Vis spectroscopic measurements were conducted on
a Thermo Scientific nanoDrop 1000 scan benchtop spectrophotometer (Thermo Scientific,
Wilmington, DE). Spectra were collected in Proteins and Labels mode from 200-800nm, while
direct protein concentrations were calculated using Protein A280.

Gel Analyses. For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed in a NuUPAGE apparatus (Life Technologies, Hercules, CA), using a 10-
20% precast linear gradient polyacrylamide gel (Bio-Rad, Hercules, CA). All protein
electrophoresis samples were heated for 10 min at 95 °C in the presence of 1,4-dithiothreitol
(DTT) to ensure reduction of disulfide bonds. Gels were run for 80 min at 120 V to separate the
bands. Commercially available markers (Bio-Rad) were applied to at least one lane of each gel
for assignment of apparent molecular masses. Visualization of protein bands was accomplished
by staining with Coomassie Brilliant Blue R-250 (Bio-Rad). Gels were visualized on Gel-Doc EZ
Imager (Bio-Rad).

For PCR reactions products were run on a 2% agarose gel in TEA buffer with 1:10000 SyberSafe
DNA gel stain (ThermoFisher Scientific, Wilmington, DE). PCR samples were incubated for 5 min
with 5x SyberSafe loading buffer before application to the gel. Gels were run for 2 h at 120 V to
separate bands. Commercially available markers (1kb DNA Ladder, New England Biolabs,
Ipswich, MA) were applied to at least one lane of each gel for assignment of apparent mass.
Visualization of DNA bands was accomplished using a Gel-Doc EZ Imager (Bio-Rad).

Protein Expression and Purification

Expression and purification of Bacillus megaterium Tyrosinase:

A 10 mL overnight culture of BL21 (DE3) Codon Plus RIL E. coli in Terrific Broth (TB) medium
with 50 pug/mL kanamycin was inoculated into a 2.8 L trident Erlenmeyer flask with 1 L of sterile
TB with kanamycin. The culture was incubated at 37 °C, 220 rpm and cell density was
monitored until the 0.D. at 600 nm was between 0.4 and 0.6. The cells were then induced by
adding IPTG to a final concentration of 0.4 mM and subsequently incubated for another 12
hours at 37 °C. The cells were then pelleted and stored at -80 °C.

The cell pellet was thawed on ice in lysis buffer (500 mM NaCl, 20 mM imidazole, 20 mM Tris-
HCl pH 7.5) and PMSF (0.1 mM), and cells were lysed by sonication for 10 minutes (2 sec on, 4
sec off, 60% amplitude, with a Fisher Scientific Sonic Dismembrator). The cellular debris was
removed with centrifugation (17,000 g, 15 min, 4 °C), and the supernatant was applied to a Ni-
NTA gel spin column (ThermoFisher HisPur). The column was washed 3 times with 6 mL of lysis
buffer (lysis buffer without PMSF), and fractions were collected. The protein was then eluted
using four 6 mL portions of elution buffer (500 mM NaCl, 500 mM imidazole, 20 mM Tris-HCl,
0.02 mM CuSQg4, pH 7.5) for a total of 24 mL. All fractions were analyzed using SDS-PAGE, and
the tyrosinase-containing fractions were collected. The buffer was exchanged for protein

129



storage buffer (PBS with 15% glycerol and 0.02 mM CuSOa) using a spin concentrator (10 KDa
MW(CO, 15 mL, Amicon Ultra) and then concentrated to 150 uM. The tyrosinase solutions were
stored at -80 °C.

Expression and purification of Y200C-sfGFP variants:

After sequence verification, a 10 mL overnight culture of BL21 (DE3) Codon Plus RIL E. coliin TB
medium with 50 pug/mL kanamycin was inoculated into a 2.8 L trident Erlenmeyer flask with 1 L
of sterile Terrific Broth (TB) medium and kanamycin. The cultures were grown at 37 °C with 220
rpm shaking until O.D. at 600 nm reached 0.6 —0.8. To induce expression, IPTG was added from
a 1.0 M stock to a final concentration of 1.0 mM. The cultures were incubated at 37 °C for 12-16
h. Cells were then incubated for another 12-16 hours at 37 °C and pelleted. After freezing at -80
°C, cell pellets were resuspended in 15 mL of an equilibration buffer (20 mM sodium phosphate,
2 M NacCl, 20 mM imidazole at pH = 7.4) and then lysed via sonication for 30 min at 60%
amplitude. Cell lysate was spun down at 14,000 rpm for 30 min, then the supernatant decanted
before loading on to a HisTrap FF Crude column. After binding, the bound protein was washed
with 4 portions of two resin bed volumes of wash buffer (20 mM sodium phosphate, 300 mM
NaCl, 25 mM imidazole at pH = 7.4) and subsequently eluted with four resin bed volumes of
elution buffer (20 mM sodium phosphate, 300 mM NaCl, 250 mM imidazole at pH = 7.4). The
purified sfGFP variant was then spun concentrated into 50 mM phosphate buffer at pH 7.2
using 10k MWCO filters. Purified sfGFP samples were flash frozen and stored at -20 °C until use.
Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7.0 using 10k
MW(CO spin filters prior to reaction.

Expression and purification of paF MS2:

Glycerol stocks of E. coli containing plasmids for the T19paf mutant of MS2 were generously
provided by loana Aanei. The T19paf MS2 expression was carried out in minimal media
following the published protocol.'>2! The pellets were thawed and re-suspended in 20 ml of 20
mM taurine buffer (pH 9) containing 6.5 mM DTT, 6 mM MgCl,, and 10 pg/ml each of DNase
and RNase. Following sonication for 10 min, the cells were spun down for 45 min at 11,000
rom. Next, the supernatant was applied to a DEAE-Sephadex column (GE Healthcare, Little
Chalfont, United Kingdom). In 20 mM pH 9 taurine buffer, MS2 eluted first from the DEAE
column and was collected and precipitated using an equal volume of saturated aqueous
ammonium sulfate. The protein pellets were re-suspended in 10 mM pH 7.2 phosphate buffer
and applied to a Sephacryl S1000 column (GE Healthcare). The fractions containing MS2 were
then collected and concentrated using Amicon Ultra 100 kDa MWCO centrifugal concentrators
(Millipore). A yield of ~3 mg/L culture was obtained for T19paf MS2 following two rounds of
purification.

MS2 paf sequence. T in bold represents the T19paf mutation site:
ASNFTQFVLVDNGGTGDVTVAPSNFANGVAEWISSNSRSQAYKVTCSVRQSSAQNRKYTI
KVEVPKVATQTVGGVELPVAAWRSYLNMELTIPIFATNSDCELIVKAMQGLLKDGNPIPS

AIAANSGIY
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Expression of nano luciferase (nanoluc). The gene encoding nanolLuc was cloned from
plasmids provided by Promega (pNL1.1) using primers that encoded the specified N- or C-
terminal modifications as well as a golden gate cloning site. The modified product was then
transferred into a modified pet28b cloning vector (pECHO81) and transformed into Rosetta DE3
pLysS E. coli. Overnight cultures were grown at 37 °C in LB with 50 mM kanamycin, then
transferred into 1 L TB media with 50 mM kanamycin. Once cultures reached an OD600 of 0.6
protein production was induced by addition of 100 mg/mL IPTG and left shaking overnight at 37
°C. After 16 h of incubation, the cultures were centrifuged at 7000 x g, and the pellets collected
were then re-suspended in 50 mM phosphate, 200 mM NacCl, 20 mM imidazole, pH 7 buffer.
Samples were lysed by sonication, then centrifuged at 17000 x g. The supernatant was collected
and run through a HiTrap NiNTA column from GE in a miniAkta, and eluted with a 50 mM
phosphate, 200 mM NacCl, 250 mM imidazole buffer at pH 7. Purified nanoLuc samples were flash
frozen and stored at -20 °C until use.

Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7 using 10k
MW(CO spin filters prior to reaction.

Protein Sequences and DNA Manipulation

Protein gene blocks were ordered from Integrated DNA Technologies, codon-optimized for E.
coli expression. Bsal cut sites were present at either end of the gene sequence for cloning into
the pET28b golden gate entry vector.?? This vector enabled green / white screening for colonies
successfully transformed with plasmids bearing the inserted gene and provided resistance to
kanamycin. PCR primers used to make bmTYR and sf-GFP variants are listed in Supporting Table
2.

DNA and Protein Sequences:

Y200C-sfGFP-Hise Protein sequence:
MRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFA
RYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNF
NSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHCLSTQSVLSKDPNEKRD
HMVLLEFVTAAGITHGMDELYKHHHHHH*

Plasmid was generously provided by Jonathan Maza and expressed as previously reported?®

Y200C-sfGFP-Hiss-EEEEY Protein sequence:
ATGTCGAATAAATATCGTGTGCGTAAGAACGTCTTGCATCTGACGGACACAGAGAAACGCGACTTTGTT
CGCACCGTTCTTATCTTAAAAGAAAAAGGGATTTATGATCGCTACATCGCATGGCACGGAGCCGCAGGC
AAGTTCCACACGCCGCCTGGAAGCGATCGCAATGCGGCGCACATGTCGTCAGCTTTCTTACCATGGCAC
CGCGAATATTTATTGCGTTTTGACGCGACCTTCAAAGCATTAACCCCGAGGTCACACTGCCCTATTGGGA
GTGGGAAACCGATGCTCAAATGCAAGATCCTCTCAATCTCAGATTTGGTCCGCAGACTTTATGGGGGGA
AACGGTAATCCGATCAAGGATTTCATCGTGGACACGGGACCATTTGCGGCAGGGCGCTGGACCACGATT
GATGAGCAAGGAAACCCTAGTGGGGGTCTGAAACGTAATTTCGGTGCGACAAAAGAAGCGCCCACATT
GCCTACTCGTGACGATGTCTTGAACGCACTTAAAATCACGCAGTATGACACGCCGCCGTGGGATATGAC
TTCGCAGAACTCTTTCCGCAATCAGCTGGAAGGCTTTATTAACGGGCCTCAGCTTCACAATCGCGTCCAC
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CGCTGGGTAGGCGGACAAATGGGTGTTGTGCCCACTGCCCCGAATGACCCCGTCTTCTTCTTGCATCATG
CTAACGTCGACCGTATCTGGGCCGTCTGGCAGATCATCCACCGCAACCAGAATTACCAACCGATGAAGA
ACGGCCCATTCGGGCAGAACTTCCGCGATCCTATGTACCCCTGGAATACAACACCCGAAGACGTTATGA
ATCATCGCAAATTAGGTTACGTTTATGACATCGAACTTCGCAAGAGTAAGCGCTCCTCTctcgagcaccacca
ccaccaccactga

Corresponding to:
MSNKYRVRKNVLHLTDTEKRDFVRTVLILKEKGIYDRYIAWHGAAGKFHTPPGSDRNAAHMSSAFLPWHRE
YLLRFERDLQSINPEVTLPYWEWETDAQMQDPSQSQIWSADFMGGNGNPIKDFIVDTGPFAAGRWTTIDE
QGNPSGGLKRNFGATKEAPTLPTRDDVLNALKITQYDTPPWDMTSQNSFRNQLEGFINGPQLHNRVHRWV
GGQMGVVPTAPNDPVFFLHHANVDRIWAVWQIIHRNQNYQPMKNGPFGQNFRDPMYPWNTTPEDVM
NHRKLGYVYDIELRKSKRSSLEHHHHHHGGSEEEEY*

B. megaterium Tyrosinase-Hises
ATGTCGAATAAATATCGTGTGCGTAAGAACGTCTTGCATCTGACGGACACAGAGAAACGCGACTTTGTT
CGCACCGTTCTTATCTTAAAAGAAAAAGGGATTTATGATCGCTACATCGCATGGCACGGAGCCGCAGGC
AAGTTCCACACGCCGCCTGGAAGCGATCGCAATGCGGCGCACATGTCGTCAGCTTTCTTACCATGGCAC
CGCGAATATTTATTGCGTTTTGACGCGACCTTCAAAGCATTAACCCCGAGGTCACACTGCCCTATTGGGA
GTGGGAAACCGATGCTCAAATGCAAGATCCTCTCAATCTCAGATTTGGTCCGCAGACTTTATGGGGGGA
AACGGTAATCCGATCAAGGATTTCATCGTGGACACGGGACCATTTGCGGCAGGGCGCTGGACCACGATT
GATGAGCAAGGAAACCCTAGTGGGGGTCTGAAACGTAATTTCGGTGCGACAAAAGAAGCGCCCACATT
GCCTACTCGTGACGATGTCTTGAACGCACTTAAAATCACGCAGTATGACACGCCGCCGTGGGATATGAC
TTCGCAGAACTCTTTCCGCAATCAGCTGGAAGGCTTTATTAACGGGCCTCAGCTTCACAATCGCGTCCAC
CGCTGGGTAGGCGGACAAATGGGTGTTGTGCCCACTGCCCCGAATGACCCCGTCTTCTTCTTGCATCATG
CTAACGTCGACCGTATCTGGGCCGTCTGGCAGATCATCCACCGCAACCAGAATTACCAACCGATGAAGA
ACGGCCCATTCGGGCAGAACTTCCGCGATCCTATGTACCCCTGGAATACAACACCCGAAGACGTTATGA
ATCATCGCAAATTAGGTTACGTTTATGACATCGAACTTCGCAAGAGTAAGCGCTCCTCTctcgagcaccacca
ccaccaccactga

Corresponding to:
MSNKYRVRKNVLHLTDTEKRDFVRTVLILKEKGIYDRYIAWHGAAGKFHTPPGSDRNAAHMSSAFLPWHRE
YLLRFERDLQSINPEVTLPYWEWETDAQMQDPSQSQIWSADFMGGNGNPIKDFIVDTGPFAAGRWTTIDE
QGNPSGGLKRNFGATKEAPTLPTRDDVLNALKITQYDTPPWDMTSQNSFRNQLEGFINGPQLHNRVHRWV
GGQMGVVPTAPNDPVFFLHHANVDRIWAVWOQIIHRNQNYQPMKNGPFGQNFRDPMYPWNTTPEDVM
NHRKLGYVYDIELRKSKRSSLEHHHHHH*

Candidatus Nitrosopumilus koreensis Tyrosinase-Hiss
ATGACCCGTAAAAACGCTAAAGATTTCCTTCCCGACGAGCGCCAACGCTACTGTAACGCTTTGCTGACAC
TGAAGCAGACGATCGAACCTGGGCACACGTTGAGCAAGTATGACGAATTTGTAGCTATCCACTACGGTG
TCACCCGCCGCTTACGCAACGGCATTCCAATCGGAGATGGAGCCCACTTCGTGCCGGGCTTTCTTGCTTG
GCATCGTGAGTATCTGAATCGCTTTGAGAAGGCAATTCGCACAGTGGACAGTACCTTATCACTGCCTTAC
TGGAATTGGTCTAGTGGTGATGATACAGATACGACCGAGATCTTCACAGACGATTTTATGGGACCCCCG
GGAGATCCGAACAATGGCAACAAAATTACATCCGGCTATTTCGTAGAGAATAACTGGGAGGTTCACTCT
GAGCTGGACGGCGGGAACAATGGTTCGGTTCTTGTCCGTGACTCCACACTGTTATCTTCATCAAAGTTAT
CTCAGGTCTCGGGTTACGGCGAATTGGCTATGGATGCCGTAAATGGTGATAACGACTTCGACTCATTTCT
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GCCTGGCTTAGAGGGTCCACATGGTTCCATCCACATGTGGATCGGTGGACATATGACCAGTATGACCAG
TCCCAACGATCCTATTTTCTTCCTTCATCACGCCAATATTGATCGTTTGTGGAGTAAGTGGCAAGAGTTGC
ATCCTGGGCCGGAGAACTATAATCCAAACAACGACGGTTCATATGGCAGTCGCCTTAATGACCGTATGT
GGCCGTGGGACGGCTCCGAGGACACCACAACTACACGCACCGGAACCGCAACAGGGATCTCTCTGCAA
GGTTTACTTCCTACCTTTAGTGATTATGATATTGTAACACCGCGCCATGTGCTTGATAACAATTTGACGAT
TCCGCACCACCATCACCACCATTAA

Corresponding to:
MTRKNAKDFLPDERQRYCNALLTLKQTIEPGHTLSKYDEFVAIHYGVTRRLRNGIPIGDGAHFVPGFLAWHRE
YLNRFEKAIRTVDSTLSLPYWNWSSGDDTDTTEIFTDDFMGPPGDPNNGNKITSGYFVENNWEVHSELDGG
NNGSVLVRDSTLLSSSKLSQVSGYGELAMDAVNGDNDFDSFLPGLEGPHGSIHMWIGGHMTSMTSPNDPI
FFLHHANIDRLWSKWQELHPGPENYNPNNDGSYGSRLNDRMWPWDGSEDTTTTRTGTATGISLQGLLPTF
SDYDIVTPRHVLDNNLTIPHHHHHH*

MYGGS Hiss NanoLuciferase
ATGTATGGTGGTTCACACCATCACCATcaccatGTCTTCACACTCGAAGATTTCGTTGGGGACTGGCGACA
GACAGCCGGCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCAGTTTGTTTCAGAATCTCGG
GGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTGAAAATGGGCTGAAGATCGACATCCATGT
CATCATCCCGTATGAAGGTCTGAGCGGCGACCAAATGGGCCAGATCGAAAAAATTTTTAAGGTGGTGTA
CCCTGTGGATGATCATCACTTTAAGGTGATCCTGCACTATGGCACACTGGTAATCGACGGGGTTACGCC
GAACATGATCGACTATTTCGGACGGCCGTATGAAGGCATCGCCGTGTTCGACGGCAAAAAGATCACTGT
AACAGGGACCCTGTGGAACGGCAACAAAATTATCGACGAGCGCCTGATCAACCCCGACGGCTCCCTGCT
GTTCCGAGTAACCATCAACGGAGTGACCGGCTGGCGGCTGTGCGAACGCATTCTGGCGTAA
Corresponding to:
MYGGSHHHHHHVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVTPIQRIVLSGENGLKIDIHVII
PYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKITVTGTLWN
GNKIIDERLINPDGSLLFRVTINGVTGWRLCERILA*

Supporting Tables
Protein Modification | Unmodified Mass (Da) Methionine Excision Mass (Da) ‘

Y200C GFP None 27,549.04
RRRRY tag 28,336.96
GGSEEEEY tag 28,429.86

pAF MS2 None 13,789.00

bmTYR Wild Type 35,474.80 35,343.61
R209H 35,455.75 35,324.56
D55K 35,487.89 35,356.70
D55R 35,515.90 35,384.71
D55K, V218K 35,516.93 35,385.74
D55K, E141K 35,486.94 35,355.75

Supporting Table 4.1: Calculated masses of expressed proteins (fix above masses)
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Y200C GFP pAF MS2

Peptide Single Addition | Double Addition | Peptide Single Addition Double Addition
Added Mass (Da) Mass (Da) Added Mass (Da) Mass (Da)

None 27,549.04 N/A None 13,789.00 N/A
GGGGY 27,940.42 28,331.80 | GGGGY 14,180.38 14,571.76
NNGGY 28,054.52 28,560.00 | NNGGY 14,294.48 14,799.96
NNNNY 28,168.63 28,788.22 | NNNNY 14,408.59 15,028.18
GGGWY 28,069.58 28,590.12 | GGGWY 14,309.54 14,830.08
GGWGY 28,069.58 28,590.12 | GGWGY 14,309.54 14,830.08
RGGGY 28,039.55 28,530.06 | RGGGY 14,279.51 14,770.02
RGRGY 28,138.69 28,728.34 | RGRGY 14,378.65 14,968.30
RRGGY 28,138.69 28,728.34 | RRGGY 14,378.65 14,968.30
RRRGY 28,237.83 28,926.62 | RRRGY 14,477.79 15,166.58
RRRRY 28,336.96 29,124.88 | RRRRY 14,576.92 15,364.84
RRRWY 28,366.99 29,184.94 | RRRWY 14,606.95 15,424.90
RRWRY 28,366.99 29,184.94 | RRWRY 14,606.95 15,424.90
EGGGY 28,012.48 28,475.92 | EGGGY 14,252.44 14,715.88
EGEGY 28,084.55 28,620.06 | EGEGY 14,324.51 14,860.02
EEGGY 28,084.55 28,620.06 | EEGGY 14,324.51 14,860.02
EEEGY 28,156.61 28,764.18 | EEEGY 14,396.57 15,004.14
EEEEY 28,228.67 28,908.30 | EEEEY 14,468.63 15,148.26
EEEWY 28,285.77 29,022.50 | EEEWY 14,525.73 15,262.46
EEWEY 28,285.77 29,022.50 | EEWEY 14,525.73 15,262.46

Supporting Table 4.2: Calculated masses of oxidative coupling products

Y200C GFP Reverse Primer

Charge Tags

RRRRY aGGTCTCcTTTAATAGCGTCGCCGACG GTGATGGTGATGGTGATGTTTGTACAG

GGSEEEEY aGGTCTCCcTTTAATATTCCTCTTCCTCGCTGCCACC GTGATGGTGATGGTGATGTTTGTACAGTTCA

Protein L, New
C-Term

Forward Primer

All

aGGTCTCcCATGcgtaaaggcgaagagcTGTTCACTGG

Supporting Table 4.3: Primers used for preparing C-terminally charge tagged GFP variants. The
resulting DNA was then transformed into a pET-28b vector using a Golden Gate protocol.

bmTYR Forward Primer Reverse Primer

Mutants

R209H (1) GCGTCCACCaCTGGGTAG gcgataatgtcgggcaatcaggtgegac

R209H (2) gtcgcacctgattgeccgacattatege CTACCCAGtGGTGGACGC

D55K aGGTCTCcAAGCGCAATGCGGCGCACATGT | aGGTCTCcgCTTGCTTCCAGGCGGCGTGTG
CG G
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D55R aGGTCTCcCGTcGCAATGCGGCGCACATGTCG aGGTCTCcgACGGCTTCCAGGCGGCGTGTGG

E141K aGGTCTCTAAGCAAGGAAACCCTAGTGGGGGT | aGGTCTCTGCTTATCAATCGTGGTCCAGCGCCC

V218K aGGTCTCTAAGCCCACTGCCCCGAATGACCCC aGGTCTCGGCTTAACACCCATTTGTCCGCCTAC

N205K aGGTCTCcAAACGCGTCCACCGCTGGGTAG | aGGTCTCcgTTTGTGAAGCTGAGGCCCGTTAAT
GC

E195K aGGTCTCGAAAGGCTTTATTAACGGGCCTC | aGGTCTCCCTTTCAGCTGATTGCGGAAAGAGTT
AG

Supporting Table 4.4: Primers used for preparing bmTYR point mutations from the DNA
sequence shown below. Initial attempts at inserting mutations used 4 primers, two for each half
of the plasmid, followed by a Gibson Assembly protocol to reform the complete plasmid.
However, this proved to be highly cost ineffective, which prompted a switch to a Golden Gate
Assembly point mutation protocol.

Computational methods and electrostatic mapping

Tyrosinase crystal structures from abTYR (PDB ID: 2Y9X) and bmTYR (PDB ID: 3NM8) were
uploaded into the Schrodinger Maestro software suite. Following this, the proteins were then
prepared and charges were assigned using the protein preparation wizard (PPW) tool in
Maestro using the standard MGCF presets found in the Glide-Intro to Docking document
(https://docs.google.com/document/d/1U40ath1Lj7JFBtOgOH_g8s4GPwrwIMJahzifztCp4U0/).
abTYR is a heterotetramer, and bmTYR is a monomer, and so each protein was prepared as
such, and all metal ions other than those found in the type 3 di-nuclear copper active sites were
deleted. In addition, a monomeric version of abTYR was constructed by deleting all but one
subunit and subsequently put through the same PPW protocol again. Following this, single and
double point mutants of the bacterial tyrosinase were created using the mutation tool found in
the Maestro suite and all structures were passed through the PPW protocol again prior to
performing any calculations.

To create the surface ESP plots, the Poisson-Boltzmann ESP tool was applied to each of
the surfaces with the following presets, solute dielectric constant: 1, solvent dielectric constant:
80, solvent radius: 1.4 A, and temperature: 298 K. These structures were then saved as .png
image files. Next, the active site potential was calculated using the following protocol. First, a
+1 lithium ion test charge was placed at a distance of 14 A away from the active site of each
enzyme variant. This distance was chosen as it is roughly equivalent to the position of the first
adjacent residue to the reactive tyrosine in a peptide in the reactive conformation, the
conformation in which the tyrosine phenol moiety is placed into the enzyme active site. Then
the Macromodel current energy tool was used to calculate the energies of each enzyme variant
both with and without the lithium ion test charge. These calculations were performed using the
OPLS3e force field with charges coming from the force field, and with water as the solvent. To
calculate the ESP, the difference between the electrostatic energy contribution to the total
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energy for each structure were converted to an electrostatic potential difference using the
following formula.

k
_ (Eelectrostatic with lithium ~— Eelectrostatic w/o lithium)(mél) x 1000
N C
96 485.3329(- 1)

Finally, positively and negatively supercharged variants of the bacterial tyrosinase
(bmTYR) were constructed using the online protein analysis tool STRIDE to calculate the level of
solvent exposure of all residues in the crystal structure. Then to make the +30 variant, the
negatively charged glutamate and aspartate residues were ordered by solvent exposure. The
most solvent exposed residues were then chosen and swapped to lysine to achieve the desired
charge. Conversely, to make the -30 variant, the most solvent exposed lysine and arginine
residues were changed to glutamate to achieve the desired charge. For the STRIDE protocol,
the structures were made by modifying the wild type enzyme using the mutation tool in
Schrodinger Maestro. All structures were then minimized using the PPW protocol, and the
surface ESP plots, and active site ESPs were calculated, similarly to what was done previously.

Tyrosinase-Mediated Oxidative Coupling Reactions of Proteins

Tyrosinase stocks and activity assay:
Agaricus bisporus Tyrosinase (abTYR) was obtained from Sigma Aldrich as a lyophilized
powder and stored at -20 °C when received. Stock solutions (at 1 mg/mL) were prepared
in 50 mM phosphate buffer, in 15% glycerol in water, pH 6.5, stored at -80 °C. Bacillus
megaterium Tyrosinase was obtained by recombinant expression from E. coli as
described above and stored as a stock solution and -80 °C in a similar buffer after
purification. Tyrosinase aliquots were thawed on ice shortly before use and the activity
of each new stock was assayed by monitoring conversion of L-Tyrosine to dopachrome
via UV-Vis as described previously.® A stability study has indicated that the activity of
abTYR aliquots prepared in this manner is stable over months of storage at -80 °C.°

Tyrosinase peptide charge screen for subsequent TOF-LCMS analysis:

Na2HPO4 pH 6.5 | Protein Nucleophile | Peptide (mg/mL) Tyrosinase H2 |Total

O |vol

i f vol i f vol i(uM)  f  vol i f Vol (uL) | (pL)
(mM) (mM) (ub) | (uM) (uM) (pl) (uM) () (VL) (U/L) (L)

50 10 10.0] 500 50.0 5/ 1000 250 12.5/ 200 20.0 5.00|17.5| 50.0

Volumes of each stock solution indicated in the table above were added to an
Eppendorf tube with the tyrosinase enzyme added last. The resulting solution was
allowed to stand at room temperature for 30 min before adding 5.0 pL of a 100 mM
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aqueous solution of tropolone. The quenched reaction was then diluted with 150 pL of
pH 6.5 50 mM Tris-HCI buffer and submitted to TOF-LCMS analysis. This standard
procedure was followed unless indicated otherwise.

Tyrosinase-mediated oxidative coupling charge screen kinetics assay
Tyrosinase aliquots were thawed on ice shortly before use and the activity of each new
stock was assayed by monitoring reaction of c-terminal tyrosine peptides and free
proline to form a dopachrome-like product via UV-Vis as described previously,® with the
following modifications. As a substitute for free tyrosine, C-terminal tyrosine peptides
were used for this experiment, resulting in the need for a separate nucleophile. Proline
was chosen as a close mimic for the amine in free tyrosine since previous studies have
shown it to produce a similarly colored product (ask Johnathan for citation). In order to
minimize the effects of proline concentration on reaction rate, proline concentration
was held at 50 mM for all reactions.

Tyrosinase-mediated protein trimer formation
Tyrosinase aliquots were thawed on ice shortly before use and diluted to a 10x stock
solution. In the first reaction 10 uM Y200C GFP-GGSEEEEY was combined with 100 uM
MYGGS-nanoluciferase and 200 nM abTYR for 40 min at RT before quenching with
tropolone. Solution was then spin-concentrated 6 times using a 50 kDa MWCO spin
filter from Milipore to remove excess luciferase. The retained sample was then
combined at 10 uM with 100 uM of Y200C sfGFP with wild type bmTYR (12 U/L
equivalent) for 45 min before quenching and spin concentration using a 50 kDa MWCO
spin filter.
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\ \:-& R ’]"‘\)‘ ;’f* N-terminus
Protein L -AN, GGY
(based on PDB ID: 4HKZ)

150 uM Aniline
12 U/mL Tyrosinase

Phosphate Buffer, pH 6.5 " Prosin L-AN;66

active site

B. megaterium tyrosinase
(bmTYR, PDB ID: 4KHZ)

510

Room Temp, 1 hour O COsH
C
Variant Type Linker Length % Conversion

1 Flexible -GGY 3 94
2 Flexible -(G,5),GGY 8 93
3 Flexible -(G,S),GGY 13 98
4 Flexible -(G,S),GGY 18 98
5 Alpha-helical -A(EAAAK),AGGY 15 99
6 Rigid Ala/Pro -(AP),GGY 9 99
7 Poly-Asn -AN, GGY 24 98
8 scFv C-Term. Seq. -EIKRTGGY 8 g7
9 ADomain 5 -(Domain 4-5 Linker)GGY 10 96
10 ADomain 5 -(Domain 4-5 Linker)G,SGGY 15 95
1 None None 0 0

Supplemental Figure 1. Modification of protein L C-termini using bmTYR. a) Crystal

structure of protein L. Tyrosine tags were applied to the C terminus as shown including 2

that utilized the natural inter-domain linker sequence between domains 4 and 5 (A

Domain 5) b) bmTYR structure c) conversion efficiency for bmTYR activation as measured

through aniline addition via ESI-TOF MS. Figure taken from Marmelstein et al. with

permission of all authors.1°

Supporting Table 4.5: Calculated surface potential for bmTYR mutants

Protein Active Site Potential Charge Difference Delta Potential Difference (V)
V) (from wt)
abTYR a subunit -4.432871517 N/A N/A
abTYR full -15.69927675 N/A N/A
wt bmTYR 4411211231 0 0
S54K 5.465411835 1 1.055618436
S54R 5.570592584 1 1.160799185
D55K 7.331465336 2 2.921671937
D55K, V218K 5.650227483 3 1.240434084
D55K, E141K 9.256587917 4 4.846794518
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D55R 7.492515715 2 3.082722316
N57K 4.248702599 1 -0.1610908
N57R 4.023036184 1 -0.386757215
D123K 5.525005346 2 1.115211947
D123R 5.508730334 2 1.098936935
D140K 5.91658091 2 1.506787511
D140R 5.920912138 2 1.511118739
E141K 6.338844038 2 1.929050639
E141R 6.382729463 2 1.972936064
T156K 4.442343423 1 0.032550024
T156R 5.371160207 1 0.961366808
E158K 6.459611612 2 2.049818213
E158R 6.447344463 2 2.037551064
D181K 5.260717518 2 0.850924119
D181R 5.360472573 2 0.950679174
Q187K 5.057278315 1 0.647484916
Q187R 5.059220579 1 0.64942718
E195Q 5.498771308 1 1.088977909
E195R 7.044504633 2 2.634711234
N199K 5.263105446 1 0.853312047
N199R 5.191851095 1 0.782057696
N205R 5.629053281 1 1.219259882
R209H 3.076285068 -1 -1.333508331
Q214K 4.39331732 1 -0.016476079
Q214R 5.177722524 1 0.767929125
V217K 5.59261562 1 1.182822221
V217R 5.744882281 1 1.335088882
V218K 2.703413902 1 -1.706379497
V218R 4.113886259 1 -0.29590714
T220K 5.377436809 1 0.96764341
T220R 5.512172308 1 1.102378909
STRIDE Charge Swap +30 19.21950492 24 14.80971153
STRIDE Charge Swap -30 -15.61879094 -36 -20.02858434
Liu-AvNAPSA +30 24.94103651 24 20.53124311
Liu-AvNAPSA -30 -11.93816119 -36 -16.34795459
Kuhlman-AvNAPSA +30 17.44944218 24 13.03964878
Kuhlman-AvNAPSA -30 -14.7665744 -36 -19.1763678

Supporting Table 4.5: Computational charge screen for cationic mutants of bmTYR. Point

mutants were generated in Maestro and minimized before addition of a lithium atom near the
active site to calculate the active site potential. Potential difference measures the net change
from wild type protein. The final entries represent different supercharging algorithms used to

generate highly charged mutants of bmTYR.
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