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Abstract

Genome-Free Viral Capsids for Targeted Drug Delivery to Breast Cancer
by
Wesley Wu
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Matthew B. Francis, Chair

A targeted drug delivery vehicle based on the bacteriophage MS2 viral capsid was constructed
using site-selective bioconjugation reactions. A palladium-catalyzed tyrosine allylation reaction
was evaluated for interior modification of intact MS2 capsids with water-insoluble drug mol-
ecules. Ultimately, a tri-functional linker was synthesized and used to attach multiple copies of
the chemotherapeutic agent taxol to the interior surface of an MS2 mutant containing a uniquely
modifiable cysteine. This virus-based vehicle was able to deliver and release taxol to breast
cancer cells in vitro and effect cytotoxicity at comparable levels to that of the drug alone. We
next utilized a sodium periodate mediated oxidative coupling reaction to attach multiple types of
targeting groups to the exterior of the MS2 capsids. Targeting groups we evaluated include short
peptides, DNA aptamers, and engineered proteins. The most effective of these targeting groups
proved to be a class of engineered binding proteins called designed ankyrin repeat proteins
(DARPins). MS2 capsids modified with tHER2 DARPins were found to preferentially bind in
vitro to several breast cancer cell lines overexpressing HER2.
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Chapter 1: Toward targeted cancer treatment using macromolecules

1.1 Modern methods for cancer chemotherapy.

The past half-century has seen great advances in the treatments for cancer, leading to overall
increased life expectancies. For several categories of tumors, modern treatments have led to high
expected remission rates for what had been generally thought of as incurable diseases.! Up to 20
years ago, most chemotherapy treatments were through small molecule natural products, such as
methotrexate, vinca alkaloids, taxanes, anthracyclines, and Pt-based chemotherapeutics? (Figure
1-1). These drugs, still in use today, are effective in their ability to kill cancerous cells, and most
often effect cell death through non-specific targeting of rapidly dividing cells. Since cancer cells
are typically characterized by their rapid proliferation, they are preferentially affected by these
types of drugs.

The past 20 years has seen the dawn of the age of targeted therapies that take advantage of
modern understanding of cellular and molecular biology and genetics.> These therapies seek to
target certain receptors, enzymes, or constituent proteins that are present in higher abundance in
cancer cells, and also which may be involved in a disregulated process that may be associated
with carcinogenesis. Prime examples include imatinib* and trastuzumab® (Figure 1-2a). Imatinib
is the first approved example of a rationally designed targeted therapy that works by inhibiting

a specific receptor tyrosine kinase, Bcr-Abl, found in higher abundance in certain cancer cells
and is currently used in the treatment of chronic myelogenous leukemia. Trastuzumab is the first
example of a humanized monocolonal antibody approved by the FDA for the treatment of cancer.
Its target is HER2, an orphan receptor that is found overexpressed in ~30% of breast cancers.

a) H,N__N__NH
Y
N /N
’Kl\éN

2 b)

HNH
Figure 1-1. Representative chemotherapeutic agents.
a) Methotrexate b) Vinblastine ¢) Daunorubicin d)
cis-platin

In parallel with these advances in targeted cancer treatment has been the advent of drug car-

rier systems for the targeted delivery of cancer drugs to tumor tissues.® These strategies seek to
bring known chemotherapeutics primarily to the tissues of interest in order to reduce adverse side
effects on healthy cells. In contrast to the therapies listed above, delivery systems usually seek
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Figure 1-2. Representative modern chemotherapeutics. a)

Imatinib (Gleevec) b) Gemtuzumab Ozogamicin (Mylotarg)

¢) Trastuzumab emtansine (Herceptin-DM1)
to decouple the targeting aspects and the cytotoxic effects of the treatment, as evidenced by the
common usage of already approved small molecule drugs in tandem with novel targeting mo-
dalities. The current state of the art in targeted delivery are antibody-drug-conjugates (ADC’s),
which attach a small molecule drug to a targeting monoclonal antibody. Though the first ex-
ample of these systems approved for human treatment ultimately failed in the clinic (Mylotarg —a
calicheamycin/aCD33mADb conjugate),” several alternative systems are currently undergoing the
FDA approval process, most prominently Herceptin-DM1 (Figure 1-2 b-c).?

1.2 Macromolecules for chemotherapeutic delivery.

Drugs used in chemotherapy predominantly act by targeting the mechanisms of cell division, and
to an extent, preferentially affect cancer cells because of their unusually high proliferation rates.
Unfortunately, many healthy cells are also affected by these treatments, resulting in side effects
that cause substantial discomfort for the patient. Emerging methods seek to focus the delivery of
drugs on cancer tissue by targeting specific characteristics found in solid tumors.” As a promis-
ing subset of these approaches, macromolecular drug delivery seeks to attach many small mol-
ecule drugs and targeting groups to large structures.'” Many of these delivery vehicles experience
prolonged circulation time because of their increased size,'' as well as a degree of passive target-
ing through the enhanced permeation and retention effect, arising from unique characteristics of
tumor vasculature.'? As an additional benefit, macromolecules are large enough to display mul-
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Figure 1-3. Representative macromolecular drug delivery scaffolds. Shown are (a) a liposome, (b)
polymers such as N-(2-Hydroxypropyl)methacrylamide (HMPA) and Polyethylene glycol (PEG),
and (c) a dendrimer
tiple copies of active targeting ligands to enhance binding avidity,'® and can also provide multiple
cargo attachment sites to increase the amount of payload that can be delivered.

Benefits of macromolecular based delivery include larger cargo loadings, enhanced pharmaco-
kinetic and solubility profiles, passive targeting through the EPR effect, and the potential to take
advantage of avidity affects by the attachment of multiple copies of active targeting moieties to
the system. Many macromolecules are currently in use or being studied for use as drug carriers
(Figure 1-3). Polymer therapeutics are based on a wide variety of materials, such as polyethylene
glycol (PEG)™ or hydroxypropyl methacrylate,'® allowing carriers with a wide range of delivery
behaviors to be designed. Dendritic polymers also offer these properties, with the added advan-
tage of controlled polydispersity and globular shape.'¢ Liposomal'” and micellular'® systems
feature high cargo loadings, but can be difficult to store and can suffer from irregular release and
distribution profiles. Inorganic nanoparticles' and carbon nanotubes® both feature unique prop-
erties as delivery vehicles, but must undergo thorough testing to evaluate their biocompatibility.
Protein based systems, such as the recent usage of serum albumin,?' are inherently biocompat-
ible, but most current systems do not exhibit any form of active targeting. As a notable exception,
thermophilic heat shock protein cages have been modified to house up to 24 doxorubicin mol-
ecules and display targeting peptide inserts on their exterior surface.?

1.3 MS2 as a drug delivery vehicle.

Our choice of viral capsid, the protein coat of bacteriophage MS2, exemplifies many of the
advantageous characteristics provided by viral protein assemblies as drug delivery vehicles.

MS?2 is an E. coli infecting bacteriophage that possesses icosahedral symmetry with a crystal
structure available at 2.8 A resolution (Figure 1-4).* Structurally, it is a T=3 icosahedron that is
composed of 180 identical coat protein monomers that self-assemble to form a hollow, spherical
capsid.?* The intact capsid is 27 nm wide, and has 32 pores, each 2 nm in diameter, located at the
symmetry axes. These holes in the exterior allow access to the interior surface of the structure
for cargo attachment. Monomers of MS2 are composed of a beta-hairpin, five anti-parallel beta
sheets, two alpha helices, and four more amino acids at the C-terminus, with a total mass of 13.7
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Figure 1-4. A representation of the MS2 capsid constructed from the monomer crystal structure, showing
capsid dimensions and pore location. Empty capsids can be first modified on the interior surface to load the
desired cargo, followed by exterior modification to introduce targeting groups.

kDa. Of the four tyrosine residues, the only solvent exposed residue is located on the “interior”
surface. These MS2 monomers self-assemble into capsid structures upon recombinant expres-
sion in E. coli” or upon viral infection and propagation in E. coli.*® The capsid structure is stable
to a variety of physiologically relevant conditions, including a pH range of 3-11 and temperature
up to ~50 °C. The hollow capsids provide a stable, entirely proteinacious, monodisperse, and
biologically compatible nanoparticle scaffold to develop as a biomedical delivery vehicle.

Several other viral capsid scaffolds have been elaborated as novel materials. Most notable are
work done on the cowpea mosaic virus (CPMV) by the Finn group,”” as well as work with cow-
pea chlorotic mottle virus (CCMV) by the Douglas and Young groups.?® Both these viruses are
spherical and about the same diameter as MS2. Through both covalent and non-covalent modifi-
cation, a variety of molecules have been attached to these viral capsids, using chemistry such as
lysine acylation and subsequent copper catalyzed click chemistry.” In 2008, the Finn group was
able to incorporate alkyne-containing unnatural amino acids into virus QP using bioorthogonal
non canonical amino acid tagging (BONCAT) for site-specific modification.** Most recently,

the red clover necrotic mottle virus (RCNMYV) has been dual modified by non-covalent seques-
tration of doxorubicin and covalent lysine modification with targeting peptides.’! One feature

of MS2 that sets it apart from the alternative structures are the pores that allow facile interior
modification, without pH dependent swelling of the capsid (as with CCMV), or complete capsid
disassembly and reassembly. Notably, Qf does contain pores similar to MS2, but inter-monomer
disulfide bonds limit the options for chemical modification with cysteine-targeting reactions.
Lastly, examples of dual-surface, site-specific modifications are few, including one example from
our own group featuring the loading of MS2 particles with porphyrins on the interior and target-
ing aptamers to the exterior surface.> For a thorough overview of virus-based drug delivery, see
the recent referenced review.*

1.4 Taxol as a drug of choice.

We chose taxol as our initial chemotherapeutic for several reasons. Taxol is a commonly used
chemotherapy drug for the treatment of breast cancer (Figure 1-5). It was discovered in 1971 by
Wani and Wall** from the bark of the Western Yew and has been the subject of various total syn-
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thetic efforts.®® It effects cell death via binding to polymerized microtubules and inhibiting depo-
lymerization, a process that is important in cell division.*® Therefore, rapidly dividing cells such
as those found in cancerous tumors are particularly affected by this molecule. However, other
rapidly dividing cells in the body are also affected by taxol treatment, such as immune cells and
hair cells, leading to many of the side effects traditionally associated with cancer chemotherapy.

In addition taxol suffers from fairly low water solubility which limits the aggressiveness with
which patients can be treated since it is difficult to administer high dosages of the drug. To in-
crease water solubility of the drug, taxol is coadministered with Cremephor EL, a detergent that
presents its own toxicity profile to the treatment as well as presenting practical problems because
the detergent can leach chemicals out of traditionally used plastic tubing.’” Because of the low
overall solubility, even in the presence of detergent, the infusion of drug and detergent requires
over 2 hours, adding to the burden of cancer treatment. Therefore, many efforts have been made
to increase the solubility of taxol, through various prodrug and delivery strategies.*

Taxol presents an interesting chemical challenge because of this solubility profile. Like most
proteins, the intact MS2 capsid is only soluble in aqueous solutions (up to 10% organic cosol-
vent).* In order to attach such an insoluble molecule to the intact capsid, we require a method to
solubilize taxol while also imparting bioconjugation functionality to the molecule. Many strate-
gies can be found in the literature of attempts to increase the solubility of taxol for use in the
clinic while retaining its cytotoxicity effects. Most of these techniques target the 2’-OH group
of taxol and use a charged functionality to increase water solubility.” The challenge for MS2
incorporation is not only to add water solubility, but also to impart bioconjugation functionality
into the molecule.

Lastly, taxol is one of the larger molecules that we have attempted to attach to the interior of the
capsid. Because access to the interior of the capsid is mediated by the 32 small pores, the large
taxol molecule (853 g/mol) presents an interesting challenge to the limits of “small” molecules
that can diffuse to access the interior surface. Using MS2 capsids as a drug delivery system re-
quires both being able to load the drug molecule onto the interior of the capsid, as well as being
able to release the drug from the capsid surface, and out of the interior.

Figure 1-5. Taxol, human serum albumin, and paclitaxel polyglumex.

In the literature, delivery of taxol to cancer by protein-based systems is limited to a few cases.
Abraxane is a formulation of taxol where the drug molecule is bound non-covalently to human
serum albumin forming clusters of ~130 nm nanoparticles.*’ Paclitaxel Poliglumex (Opaxio,
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iodoacetamides, and by disulfide exchange with disulfide reagents. c) A diazonium reaction for

tyrosine modification developed in the Francis group. Aldehyde functionalized diazonium salts can
be subsequently derivatized through oxime formation with various aminooxy functionalized cargoes.

formerly Xyotax) is a polymeric delivery system composed of taxol attached to a small polyglu-
tamate polymer (Figure 1-5).*! Both these systems greatly increase the water solubility of the
drug, eliminating the need for a toxic detergent. They are also both biodegradable and non-toxic
and feature prolonged half-life and drug release profiles. However neither of these systems fea-
tures any form of active targeting.

1.5 Bioconjugation strategies for MS2 modification.

The intact capsid of MS2 has been addressed by several groups for bioconjugation purposes.*?
Most attempts at MS2 and other capsid derivitization have focused on traditional NHS-ester
chemistry to modify the abundance of lysine residues found on the capsid surface. In the Francis
group, we have used lysine chemistry as well for non-specific modification of the capsid exterior.
Because of the desire to form well-defined interior/exterior dual-modified capsids however, ly-
sine chemistry is restricted to use with very large molecules (PEG) that are not able to access the
interior surface of the capsid. The traditional putative targets on the exterior of the MS2 capsid
are K106 and K113, though K43, K57, K61, K66 are all surface accessible and see small levels
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Figure 1-7. Structural representation of the MS2 coat protein, highlighting several amino acids
amenable to chemical modification (PDB ID: 2MS2). Rows a-c show MS2 dimers from side, exterior,
and interior perspectives, with the green and blue colors denoting MS2 monomers. In the side perspec-
tive, the top of the dimer is the exterior surface of the capsid while the bottom of the dimer is the
interior surface of the capsid. a) Lysine residues on MS2 depicted in lighter blue (K43, K57, K61,
K66, K106, K113). b) Cysteine residues depicted in red (C46, C101). ¢) Tyrosine residues shown in
dark yellow (Y42, Y58, Y129), with Y85 highlighted in light yellow. d) Assembled half capsids are
shown from the interior and exterior view, with the above amino acids colored as denoted previously.

of modification upon exposure to NHS-esters (Figure 1-7a).* The interior lysines of MS2 can
also be modified by small molecule NHS esters that can access the interior surface (Figure 1-6a).



In order to increase specificity, former group members have attempted to utilize traditional
cysteine chemistry to modify the capsid surface. MS2 has two exposed cysteines on the exterior
surface C46 and C101 (Figure 1-7b), and previous work in the group has shown that these cys-
teines can be modified by small molecule maleimides, iodoacetamides, and disulfides that weigh
less than 200 g/mol (Figure 1-6b)*. Attempts have been made to utilize this cysteine chemistry
together with subsequent secondary bioconjugation reactions on the functionalities that have
been added to the capsid exterior via cysteine modification.

Interior modification of the native capsid in the Francis group initially focused on the modifi-
cation of Y85 using a diazonium coupling reaction. Low molecular weight diazo compounds
containing highly electron withdrawing groups para to the diazo functionality are able to modify
Y85 selectively to over 95% conversion despite the presence of three other tyrosine residues
(Y42,Y58, Y129, Figure 1-7¢).* Using a ketone- or aldehyde- functionalized diazo compound
for the tyrosine modification allows for subsequent secondary bioconjugation via oxime forma-
tion (Figure 1-6¢).* Using this technique, our group has been able to attach a variety of cargo
molecules to the interior of the capsids, including various fluorescent dyes*” and metal cages for
MRI contrast applications.*®

The two-step conjugation on the interior proceeds selectively at the single tyrosine at position
85 and provides moderate yields of modified capsid. However, the two-step process is fairly
time consuming, involving two protein modification and purification steps as well as a lengthy
oxime formation step. Another concern is the fact that aminooxy-functionalized molecules are
still less commonly commercially available and more expensive than more traditional cysteine
modification reagents. In addition, the diazonium reaction is relatively functional group intoler-
ant, precluding the development of a one-step reaction, especially in the presence of function-
ally complex drug molecules. Therefore, we sought to target the interior tyrosine of MS2 using
an alternative tyrosine modification reaction developed in the Francis group: work that will be
detailed in Chapter 2.

To circumvent these issues, two efforts were undertaken by Zac Carrico, a fellow graduate
student in the group. First was to create an interior cysteine mutant of MS2 in order to facilitate
interior modification of the capsid using maleimide reagents.* Using the N87C mutant of the
MS2 coat protein, maleimide reagents can be easily acquired and utilized for interior modifica-
tion. Since most desired cargo is also larger than those that would modify the exterior cysteines,
this maleimide coupling is almost always selective for the interior surface of the capsid. The
other aspect of Zac’s work was to develop an alternative strategy for exterior modification of the
capsid. The culmination of his efforts was the development of a mutant of the MS2 coat protein
containing an artificial amino acid, para-aminophenylalanine, on the exterior surface.”® This pAF
functionality can be reacted with phenylene diamines,*® anisidines,’! and aminophenols® in the
presence of sodium periodate selectively and quickly to modify the exterior of the MS2 capsid.
The N87C mutant will be utilized in Chapters 3 in the construction of taxol modified capsids, and
in Chapters 4 and 5, T19pAF N87C dual mutants will be used for the construction of interior/ex-
terior dual-modified MS2 capsids.
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Chapter 2: A Palladium Catalyzed Tyrosine Allylation for MS2
Interior Modification

2.1 Taxol bioconjugation to the interior surface of MS2.

Many pharmaceutical compounds have poor water solubility, and in the case of taxol, necessitate
the use of toxic carrier vehicles when injected.! The use of an MS2 viral capsid delivery system
could theoretically attenuate the water-insoluble nature of drug molecules via selective bioconju-
gation to the interior of the water-soluble protein. This would also serve as the first step in con-
structing an MS2-based targeted drug delivery system. Previous work in our group had attempt-
ed to use a diazonium reagent based tyrosine modification reaction to attach the drug molecules
to the interior of MS2 by targeting Y85.> However, the low solubility of taxol and other similar
drugs proved to be a difficult factor in achieving effective bioconjugation.

The tyrosine-selective Pd(OAc),-catalyzed bioconjugation reaction developed by S. David Tilley
offers several potential advantages over the previously used diazonium reaction for the attach-
ment of drug molecules to MS2 capsids.’ Most notably, the Pd(OAc),-based catalyst system dis-
places a leaving group on the allylic substrate (Figure 2-1a). The use of a water solubilizing unit
at this leaving group site allows the bioconjugation of previously water insoluble compounds to
tyrosine side chains. This reaction was previously used to modify the protein chymotrypsinogen
A with long chain alkane substrates bearing a sulfonate-based leaving group. This resulted in

the formation of proteinacious small unilamellar vesicles. Upon bioconjugation of a drug mol-

a)
“z./\©\ b oreSs~oR Pd(OAc),/TPPTS E/\@\ _
OH pH 9-10, 1 h, rt O NR,
R = cargo

R,= leaving group
b) 0

H

Figure 2-1. a) Scheme for tyrosine modification using a Pd-catalyzed
allylation reaction. b) Proposed taxol-tyrosine conjugate, with a hydrolyzable
ester bond highlighted in red. ¢) Proposed doxorubicin-tyrosine conjugate,
with an acid-sensitive, hydrolyzable hydrazone bond highlighted in red.
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ecule, the appropriate drug release could then be achieved by the use of linkers that are sensitive
to conditions within a cell or associated with cellular uptake. Examples include the use of ester
or amide bonds (Figure 2-1b), which can be hydrolyzed by esterases within the cell,* or the use
of acid-sensitive hydrazone linkages that can hydrolyze in the low pH endosomal or lysosomal
environment encountered after cellular uptake (Figure 2-1c).’

The attachment of these hydrophobic groups to the interior Y residues of MS2 has been diffi-
cult to achieve in previous experiments. In addition, little is known about the compatibility of
genome-free MS2 capsids with this reaction. To explore this possibility, the research described
herein details the synthesis of allylic acetates bearing functional groups suitable for drug cargo
attachment, as well as tyrosine-specific bioconjugation studies with these molecules using
Pd(OAc),-catalyzed alkylation.

Of the various elements of constructing a drug-delivery vehicle from MS2, we presently focus on
the attachment of drug molecules to the interior surface of the viral capsid. This process can be
divided into several parts. First is the production of MS2, removal of the RNA, and purification
of the viral capsids. Next is the synthesis of a linker that can undergo tyrosine bioconjugation
using the Pd(OAc),-catalyzed reaction, and provide an additional site for cargo attachment. Last
is the testing and optimization of the bioconjugation reaction with the new drug-linker substrate
and MS2 capsids. In this chapter, we use native MS2 that was grown infectiously in E. coli and
emptied of the RNA genome using successive high pH hydrolysis and PEG precipitation steps,
as described previously.?

2.2 Allylic linker synthesis.

The basic design of the linker features a functional group for drug molecule attachment, and a
water-soluble disposable group (Figure 2-2a). The core of the linker was a 1,4-subsituted aro-
matic ring that provided a rigid spacer and facilitated compound characterization during synthe-
sis. On one side of the ring was the allylic alcohol necessary for the tyrosine-specific Pd(OAc).-
catalyzed bioconjugation. Attached to this allylic alcohol was a disposable group of choice that

a
) R.

1

R = functionality for drug
molecule attachment
R,= leaving group

= ok
b) Hl!/©/9\ﬁ
o \i/ 1/©/\/\OJI\
17

Figure 2-2. a) General linker design for
tyrosine alklyation reaction. b) An
aldehyde containing linker. c) A linker
containing a protected carboxylic acid.
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Figure 2-3. Synthetic scheme for the synthesis of aldehyde-allylic acetate linker 9.

could serve to solubilize hydrophobic drug molecules. For our initial bioconjugation studies, we
chose to use a simple acetate group as the leaving group to simplify the synthesis. Two synthetic
routes were ultimately developed to arrive at aldehyde or carboxylic acid functionalized linker
for future derivatization (Figures 2-2b-c). We used these preliminary linkers first to assess the
compatibility of the Pd-catalyzed tyrosine alkylation on MS2.

The first substrate tested was aldehyde 9 (Figure 2-2b), which could be reacted with alkoxy-
amine-functionalized small molecules to produce stable oxime linkage bioconjugates. Starting
with 4-bromo-benzaldyde (1), we planned to install the aldehyde in a later step to avoid the pre-
cautions necessary (Figure 2-3). A microwave protocol was used to effect the Knoevenagel reac-
tion on 1 and subsequent decarboxylation in only four minutes. Compound 3 was synthesized
from the acid chloride by heating in methanol and thionyl chloride and then reduced to allylic
alcohol 4 with DIBAL-H. This alcohol was initially protected with a TMS group which unfor-
tunately proved to be too labile for column chromatography upon scale up. Protection as TBS
ether 6, followed by lithium-halogen exchange and addition to DMF gave aldehyde 7. TBAF
deprotection conditions proved too harsh for our compound and several alternative deprotection
schemes were tested, including the use of a THP protecting group as an alternative. Ultimately,
HF -pyridine proved to be effective in the removal of the TBS group to furnish allylic alcohol 8.

We also planned to synthesize compound 17, bearing a protected carboxylic acid (Figure 2-4), to
facilitate the coupling of hydroxyl groups and amines to the bioconjugation reagent. The syn-
thesis of 17 began with commercially available 4-carboxybenzaldehyde (10) and started with the
protection of the carboxylic acid as the #-butyl ester. Traditional DCC coupling to #-butanol, ac-
id-catalyzed esterification with isobutylene, and conversion to the acid chloride with subsequent
displacement by #-butanol were unsuccessful in producing the desired product in any appreciable
yield. Eventually, the use of a commercially available DMF di-z-butyl acetal reagent gave 7-butyl
ester 11 in 70% yield. We first attempted to extend 11 to cinnamic derivative 12 using a Knoeve-
nagel condensation, followed by subsequent decarboxylation. The Knoevenagel condensation
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Figure 2-4. Two synthetic pathways to allylic alcohol 14 bearing a protected carboxylic acid.

indeed proceeded in high yield to give 12, but the formation of the methyl ester proved to be
difficult. In contrast to the above bromo-substituted molecule, the presence of the #-butyl ester
on this molecule precluded the use of reactions that required acid, such as Fischer esterification
or conversion to the acid chloride. Instead, reaction with methyl iodide in highly polar solvent
under basic conditions eventually gave 13 in low yield. Selective DIBAL-H reduction of the
methyl ester was tested at several temperatures, DIBAL-H equivalents, and reaction times, yield-
ing optimal conditions of two hours, -40 °C, and three equivalents of DIBALH to produce 14.

The above pathway to 14 provided a few inconveniences, such as long reaction times for the
Knoevenagel condensation and a difficult purification of the methyl ester from DMF. A Horner-
Wadsworth-Emmons reaction to give esters 15 and 16 (Figure 2-4b) using an available ethyl
phosphonate ester, and later reactions performed with a commercially available methyl phospho-
nate ester gave improved yields. The HWE reaction and subsequent DIBALH reduction also
provided high selectivity for the frans isomer of 14.

Reaction of 8 and 14 with acetic anhydride and pyridine provided allylic acetate 9 and 17,

which were needed to begin testing the compatibility of the bioconjugation reaction with MS2.
However, the synthesis of a water-soluble disposable group was necessary for drug delivery
purposes. Our group’s previous method achieved this through the attachment of a taurine carba-
mate through a nitrophenyl carbamate intermediate. Nitrophenyl carbonate 18 was successfully
synthesized and the displacement of nitrophenol by taurine was attempted (Figure 2-5a). How-
ever, dealing with the reaction conditions and purification of 22 was rather difficult and substrate
dependent, so several alternative leaving groups were investigated. The simplest functionality to
add was an acetate group, which was easily appended using acetic anhydride. In addition, cyclic
anhydrides such as succinic, glutaric, and diglycolic anhydride were easily ring-opened to give
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Figure 2-5. Various attempts to derivatize allylic alcohols with charged

leaving groups.
charged functionalities that could increase water solubility (Figure 2-5b).

2.3 Pd-catalyzed protein modification using allylic linkers.

Initial protein modification reactions were carried out with genome free MS2 viral capsids
(monomer mass = 13,732 Da), and substrates 9 and 17 (Figure 2-2) to test the effectiveness of
the Pd(OAc),-catalyzed bioconjugation on MS2 and with the new class of substrate. Chymotryp-
sinogen A (mass = 25,656 Da) was used as a positive control protein since it had previously been
shown to undergo bioconjugation using the Pd(OAc), catalyst.’ Several methods of protein puri-
fication were tested. The use of NAP-5 size exclusion columns, followed by spin concentration,
removed most of the small molecules, but occasionally protein was lost in the column. Alterna-
tively, the use of Microspin columns filled with G-25 resin also removed substantial amounts of
small molecules, and could often negate the need for a subsequent spin concentration. The use
of repeated spin concentration was also shown to purify the protein from small molecules.

Our initial experiments focused on synthesized linker 17. As this compound itself does not pos-
sess a site for further modification, analysis of the conjugation reaction was done solely using
LC/MS. Initial reactions showed substantial single and double modification of chymotrypsino-
gen, which is consistent with the reaction of this protein with other pi-allyl substrates.* Modifi-
cation of chymotrypsinogen was similar at catalyst concentrations of 400 uM and 1 mM. Similar
conditions for MS2 modification however yielded negligible additions of compound 17. Unfor-
tunately, MS2 modification was too low to compare modification dependence on catalyst concen-
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Figure 2-6. (a) A typical protein reaction with compound 17 and MS2/chymotrypsinogen,
followed by LC/MS analysis. (b) Single and double modification of chymotrypsinogen. (c)
Control sample of chymotrypsinogen shows no modification. (d) Low levels of single and double
modification of mtMS2. (e) Control sample of mtMS2 shows no modification.

tration. Possible reasons include poor catalyst accessibility to the interior surface, poor catalyst
accessibility to Y85, and poor substrate solubility. However, these initial experiments showed
the possibility of attaching the desired substrate to MS2.

In order to screen conditions for MS2 modification more quickly, we next turned to compound

9 due to the aldehyde functionality that could be reacted with further probes to assay for protein
modification. We could then use SDS-PAGE to characterize the bioconjugation products, both
through oxime formation with an Alexa Fluor alkoxyamine dye, and by detecting a gel shift after
oxime formation with PEG-2000 alkoxyamine. In contrast to LC/MS analysis, the use of gel
analysis required fewer purification steps and allowed more samples to be run and assayed con-
currently via appearance of fluorescent protein or gel shift.

2.4 Screening conditions for MS2 modification.

Using aldehyde functionalized linker 9 and the assay described above, we then proceeded to
test various conditions such as substrate and catalyst concentrations, temperature, and condi-
tions for the secondary bioconjugation with PEG-ONH,. Initial experiments with the gel-based
assay focused on the effects of temperature using standard reaction conditions (Figure 2-7a). As
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Figure 2-7. Modification of MS2 with compound 9 as analyzed by SDS-PAGE. a) Reaction scheme for
MS2 modification followed by secondary bioconjugation with aminooxy PEG and fluorescent dye. b)
Analysis of the resulting bioconjugates via SDS-PAGE, fluorescent imaging and Commassie staining.
Lanes A-C show the reaction of MS2 at temperatures 25/37/50 °C with AF488-ONH,, and both a fluores-
cent image and Coomassie stained gel are shown. Lanes D-F show reaction with PEG-ONH, at the same
temepratures as A-C. Lane G is a chymotrypsinogen positive control that had also been reacted with 9 at
25 °C, followed by PEG-ONH,. Lane H contains a protein ladder. ¢) Lanes F and G have been enlarged to
show the PEG additions more clearly. The accompanying percentages are densitometric measurements of
the modification levels (unmodified, +1, +2, +3).

expected, at room temperature, MS2 showed no modification by PEG shift and barely detectable
levels of modification upon reaction with a fluorescent alkoxyamine (Figure 2-7b). In contrast,
chymotrypsinogen exhibited high levels of multiple modifications even at room temperature. For
the MS2 samples however, raising the temperature up to 50 °C seemed to increase the modifica-
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Figure 2-8. Attempts to raise MS2 modification level. a) General scheme for mtMS2 modification
using 9 and 20. After Pd catalyzed modification, the samples were exposed to PEG2K-ONH, at either rt
or 50 °C. b) SDS-PAGE of samples exposed to PEG-ONH, at rt. ¢) SDS-PAGE of samples exposed to
PEG-ONH, at 50 °C. d) Tabulated modification levels for both gels. Proteins labelled M correspond to
MS2, while those labelled C are chymotrypsinogen positive controls.
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tion levels, detectable both by fluorescence and PEG shift assays, as well as the number of modi-
fications. At 50 °C, the MS2 capsid is still fairly stable; however, the appearance of the second
modification, clearly seen on the PEG shift assay shows that a second reaction site (besides Y85)
may be participating. Additionally, even at this elevated temperature, 69% of MS2 monomers
remained unmodified (Figure 2-7c).

The next set of experiments attempt to raise the single modification levels of MS2 capsid, using
both molecules 9 and 20 solubilized in DMSO. Chymotrypsinogen was again used as a positive
control protein and we measured protein modification by secondary bioconjugation with PEG2K-
ONH,. The first experiment in Figure 2-8 showed degradation of MS2 at 50 °C (Lanes C, E, K,
and M, unlike what had previously been observed. Compound 9 showed higher levels of modi-
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Figure 2-9. Reaction time is extended to three hours and catalyst/substrate concentration varied. a)
Reaction scheme for MS2 modification followed by PEG-ONH, addition. b) SDS-PAGE analysis of
modified MS2. ¢) Tabulated modification levels of MS2.
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Figure 2-10. Temperature and substrate effects. a) Reaction scheme for MS2 modification followed by
PEG-ONH, addition. b) SDS-PAGE analysis of modified MS2. ¢) Tabulated modification levels of
MS2.
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fication than 20 on MS2 (comparing lanes B and D), indicating that water solubility of the small
molecule was not a large factor for this compound. Chymotrypsinogen on the other hand exhib-
ited similar levels of modification between substrates 9 and 20. In Figure 2-8c, the same samples
as in Figure 2-8a were reacted with PEG2K-ONH,, but rather than doing the actual alkylation at
50 °C, only the oxime formation step was done at an elevated temperature. In this case though,
MS?2 loss was still observed at 50 °C, and compound 9 still fared better than 20.

In the next experiment, we extended the reaction time to 3 h and varied the catalyst and substrate
concentrations (Figure 2-9). The ratio of catalyst to substrate was held at 2:5 and catalyst con-
centration examined from 100 uM to 1.6 mM. Overall, double modification was observed at all
concentrations of catalyst. The interesting observation was that above 400 uM catalyst, modifi-
cation levels decreased, and in fact, the lowest concentrations tested (100 uM catalyst) exhibited
comparable modification levels to higher catalyst concentrations. In the end we chose to use
400 puM catalyst and 1 mM substrate and 3 h reaction times for future experiments. Using these
new conditions, we again examined temperature and substrate effects (Figure 2-10). Since MS2
stability at 50 °C had been observed to be unpredictable, we examined modification gains at 37
°C instead, and indeed we see that modification was raised ~5-10% compared to that at rt. We
observed that 20b was as effective as 9 under these conditions. In addition we began to see trace
levels of a third modification occurring.

o
2 s~ 400 pM Pd(OAc),/ Msz/\©\
MSZ/\©\ + H n/©/:/\ TPPTS (1:5) 0NF
H
v8s OH o o 100 mM Phosphate
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20
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— 2 138 [ 13.4 175|127

3 0 0 3.7 0

A B Cc D

Figure 2-11. Extended reaction time effects. a) Reaction scheme for MS2 modification followed by
PEG-ONH, addition. b) SDS-PAGE analysis of modified MS2. ¢) Tabulated modification levels of MS2.

Lastly, we also tested the reaction at longer reaction times. Figure 2-11 compares the modifica-
tions observed after 3 h and 24 h. Densitometry measurements indicated another ~5-10% gain

in modification with longer reaction times, as well as the appearance of third modifications. The
above experiments indicated that it was difficult to raise modification levels without concurrently
raising the number of modifications. While for drug delivery purposes, the more drug molecules
loaded the better, the high variability in modification number and site selectivity potentially
makes the release of the drug non-uniform.
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Figure 2-12. a-d) Trypsin digest of low-modified MS2 a) MALDI-TOF MS of modified MS2.
Unmodified MS2 expected mass = 13732 amu, modified MS2 expected mass = 13877 amu b) SDS-
PAGE analysis of modified MS2. ¢) MALDI-TOF MS analysis of trypsin digest of unmodified MS2.

d) MALDI-TOF MS analysis of trypsin digest of modified MS2 with expected +145 amu mass gain in
T9. e-h) Trypsin digest of highly-modified MS2 e¢) MALDI-TOF MS of modified MS2. Unmodified
MS2 expected mass = 13732 amu, MS2 +1 addition expected mass = 13877 amu, MS2 +2 addition
expected mass = 14022 amu f) SDS-PAGE analysis of modified MS2. g) MALDI-TOF MS analysis of
trypsin digest of unmodified MS2. h) MALDI-TOF MS analysis of trypsin digest of modified MS2
with expected +145 amu mass gain in T9.

To investigate the site selectivity of these multiple modifications, we performed a tryptic digest
on modified MS2 to assess where the mass additions were occurring. The first sample tested was
MS2 with a low modification level, to assess whether the first modification is actually happen-
ing at Y85. Upon tryptic digest, we observed a mass adduct corresponding to the correct digest
fragment plus the expected mass (T9 + 1), indicating that the initial modifications most likely are
at Y85. Next we examined a sample that had up to three modifications. In this case, again, the
T9 + 1 mass adducts were observed, but further T9 adducts were not seen. This indicated that
the other modifications did not take place at Y85. This ruled out the possibility of the multiple
modifications all occurring on Y85 through C-alkylation or Claisen Rearrangements (revealing
the phenolic oxygen for further O-alkylation).
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As a last measure, we also synthesized the taxol-containing version of compound 17. This
molecule was easily synthesized through EDC coupling at the 2’-OH of taxol with the BOC-de-
protected version of 17 (Figure 2-13). Compound 24 could be dissolved in DMSO up to 1 mM.
However, upon addition to a buffered MS2 solution, 24 immediately precipitated out of solution.
This was indicated by the immediate appearance of a white solid that could be then centrifuged,
leaving only unmodified MS2 in solution. Even raising the DMSO cosolvent ratio to 10% did
not improve solubility.
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. ~~o EDC, DMAP-HCI ool
Taxol’ol/©/\/\
24

23

Figure 2-13. Synthesis of a taxol derivatized allylic acetate linker.

In conclusion, a new route has been developed to access allylic carbonates for Pd(OAc),-cata-
lyzed bioconjugation reactions. These substrates were shown to be compatible with the reaction
using chymotrypsinogen as a substrate. Genome-free native MS2 viral capsids have been pro-
duced and have been modified site selectively at Y85. However, these capsids have not yet been
extensively modified using this reaction despite efforts at optimization for MS2 modification by
screening temperature, buffer composition and pH, catalyst concentrations, and substrate con-
centrations. At elevated temperatures, increased modification is observed, coupled with off-site
modifications as observed by SDS-PAGE and tryptic digest. Due to the desire for high modifi-
cation levels for higher drug loading, and the observed heterogeneity of the MS2 capsid at the
conditions required for high modification, we eventually decided to pursue alternative strategies
for taxol solubilization and bioconjugation to MS2.

2.5 Material and Methods.

General Procedures and Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and used without
further purification. Analytical thin layer chromatography (TLC) was performed on EM Reagent
0.25 mm silica gel 60-F,, plates with visualization by ultraviolet (UV) irradiation at 254 nm and/
or staining with potassium permanganate and/or staining with vanillin. Purifications by flash
chromatography were performed using EM silica gel 60 (230-400 mesh). The eluting system

for each purification was determined by TLC analysis. Chromatography solvents were used
without distillation. All reactions were carried out under an argon atmosphere in flame dried
glassware unless otherwise noted. All organic solvents were removed under reduced pressure
using a rotary evaporator. Dichloromethane (CH,Cl), tetrahydrofuran (THF), and pyridine were
distilled under a nitrogen atmosphere from calcium hydride. Water (ddH,O) used in biologi-

cal procedures or as a reaction solvent was deionized using a NANOpure_,, purification system
(Barnstead, USA) purchased from Aldrich.

Instrumentation and Sample Analysis Preparations
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IR. Infrared spectra were recorded from thin film samples on a sodium chloride plate using a
Genesis FTIR™ (ATI Mattson, USA) or a Varian 3100 FT-IR Excalibur Series (Varian, USA).

NMR. 'H and "*C spectra were measured with a Bruker AVQ-400 (400 MHz) spectrometer,
Bruker AVB-400 (400 MHz) spectrometer, or a Bruker AV-300 (300 MHz) spectrometer as
noted. 'H NMR chemical shifts are reported as 6 in units of parts per million (ppm) relative to
CDCI, (8 7.26, singlet), or dimethyl sulfoxide-d, (6 2.50, pentet). Multiplicities are reported

as follows: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt (doublet
of triplets), or m (multiplet). Coupling constants are reported as a J value in Hertz (Hz). The
number of protons (n) for a given resonance is indicated as nH, and is based on spectral
integration values. *C NMR chemical shifts are reported as 8 in units of parts per million (ppm)
relative to CDCI, (8 77.2, triplet), or dimethyl sulfoxide-d, (3 39.5, septet).

Mass Spectrometry. Fast Atom Bombardment (FAB) and Electron Impact (EI) mass spectra
were obtained at the UC Berkeley Mass Spectrometry Facility. Electrospray LC/MS analysis
was performed using an API 150EX system (Applied Biosystems, USA) equipped with a Turbos-
pray source and an Agilent 1100 series LC pump. Protein chromatography was performed using
a Phenomenex Jupiter,,, 300 5u C5 300 A reversed-phase column (2.0 mm x 150 mm) with a
MeCN:ddH, O gradient mobile phase containing 0.1% formic acid (250 uL/min). Protein mass
reconstruction was performed on the charge ladder with Analyst software (version 1.3.1, Applied
Biosystems). MALDI-TOF analysis was performed on a Voyager-DE instrument (Applied Bio-
systems), and all spectra were analyzed using Data Explorer software. The matrix solution was a
10 mg/mL solution of sinapic acid in in 50% acetonitrile, 50% water, 0.1 % TFA.

High Perfomance Liquid Chromatography. HPLC was performed on an Agilent 1100 Series

HPLC System (Agilent Technologies, USA). Size exclusion chromatography was accomplished
on an Agilent Zorbax ; GF-250 with isocratic (0.5 mL/min) flow using an aqueous mobile phase

(100 mM Na,HPO, with 0.005% NaN,, pH 7.2). Sample analysis for all HPLC experiments was
achieved with an inline diode array detector (DAD) and an inline fluorescence detector (FLD).

Fast Performance Liquid Chromatography. Size exclusion chromatography (SEC) was
performed on a BioRad, BioLogic.,, DuoFlow FPLC System equipped with a HiPrep_,, 16/60
Sephacryl,,, S-200 High Resolution Column (Amersham Biosciences, USA) using an aqueous
buffer as the mobile phase.

SDS-PAGE Analysis. For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was accomplished on a Mini-Protean apparatus (Bio-Rad, USA), follow-
ing the general protocol of Laemmli.® Commercially available markers (Bio-Rad, USA) were
applied to one lane of the gel for calculation of apparent molecular weights. Visualization of
protein bands was accomplished by staining with Coomassie® Brilliant Blue R-250 (Bio-Rad,
USA). Gel imaging was performed on an EpiChem3 Darkroom system (UVP, USA).

Microwave reactions were conducted in 2 mL microwave vials (Biotage No. 352016) and heated
in a Biotage InitiatorTM Eight microwave synthesizer. UV-Vis spectroscopic measurements
were conducted on a Tidas-II benchtop spectrophotometer (J&M, Germany). Centrifugations
were conducted with the following: 1) Allegra 64R Tabletop Centrifuge (Beckman Coulter, Inc.,
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USA); 2) Sorvall RC5C refrigerated high-speed centrifuge (Sorvall, USA); or 3) Microfuge® 18
centrifuge (Beckman Coulter, Inc., USA). General desalting and removal of other small mol-
ecules of biological samples were achieved using Microspin G-25 spin columns (Amersham
Biosciences), or NAP-5 gel filtration columns (Amersham Biosciences). Protein samples were
concentrated by way of centrifugal ultrafiltration using Amicon Ultra-4 or Ultra-15 100 kD mo-
lecular weight cut off (MWCO) centrifugal filter units (Millipore), or Amicon Microcon 10 kD,
30 kD, and 100 kD MWCO (Millipore) centrifugal filter units.

Tert-butyl 4-formylbenzoate (11). This compound was previously synthesized by Pritchard and
co-workers, and the reported procedure was followed.” The desired product was isolated after
flash chromatography (EtOAc:Hex) (64%). 'H NMR (300 MHz, CDCL,): 6, 1.61 (s, 9H) 7.92 (d,
2H,J=5.8 Hz), 8.13 (d, 2H, J = 5.8 Hz), 10.09 (s, 1H). The obtained spectral data matched the
previous report.

Tert-butyl 4-((E)-2-(methoxycarbonyl)vinyl)benzoate (15). This compound was previously
synthesized by Miwa and co-workers.® To a solution of methyl diethylphosphonoacetate (0.367
mL, 2.00 mmol) in 10 mL of THF at -78 °C was added dropwise 0.91 mL of a 2.2 M solution

of n-BuLi in hexanes (2.00 mmol). After cooling for 20 min, a solution of 0.400 g of 11 (1.94
mmol) in 3 mL of THF was added to the reaction. The reaction mixture was stirred for 1 h at rt,
after which 20 mL of sat. NaHSO, solution was added. The aqueous solution was extracted with
two 20 mL portions of diethyl ether, and the combined organic layers were washed with brine
and dried over Na,SO,. The resulting extract was concentrated under reduced pressure and puri-
fied by flash chromatography (EtOAc:Hex) to give 0.410 g of the product as a clear oil (86%).
'H NMR (300 MHz, CDCL,): 6, 1.50 (s, 9H), 3.70 (s, 1H, J = 15.9 Hz), 6.40 (d, 1H, J = 16.1 Hz),
7.45 (d, 2H, J=8.3 Hz), 7.59 (d, 1H, J = 16.1 Hz), 7.89 (d, 2H, J = 8.3 Hz). The obtained spec-
tral data matched the previous report.

Tert-butyl 4-((E)-2-(ethoxycarbonyl)vinyl)benzoate (16). To a solution of triethylphosphono-
acetate (1 mL, 5 mmol) in 10 mL of THF at -78 °C was added dropwise 2.28 mL of a 2.2 M solu-
tion of n-BuLi in hexanes (5.02 mmol). After cooling for 20 min, 1.00 g of 11 (4.85 mmol) in 3
mL of THF was added to the solution. The reaction mixture was stirred for 1 h at rt after which
20 mL of sat. NaHSO, solution was added. The aqueous solution was extracted with two 30 mL
portions of diethyl ether, and the combined organic layers were washed with brine and dried over
Na,SO,. The resulting extract was concentrated under reduced pressure and purified by flash
chromatography (EtOAc:Hex) to give 0.980 g of the product as a clear oil (71%). IR (thin film):
3065, 2980, 2935, 1714, 1640, 1608, 1570 cm™, 'H NMR (400 MHz, CDCL,): 8, 1.34 (t, 3H, J
=7.1 Hz), 1.59 (s, 9H), 4.28 (q, 2H, J = 7.1 Hz), 6.50 (d, 1H, J = 15.9 Hz), 7.55 (d, 2H, ] = 8.4
Hz), 7.69 (d, 1H, J = 16.2 Hz), 7.99 (d, 2H, J] = 8.4 Hz), "C NMR (100 MHz, CDCL,): §, 14.3,
28.1,60.7, 81.4,120.3, 127.7, 129.9, 133.2, 138.1, 143.3, 165.1, 166.6. HRMS (EI+) calculated
for C, ,H, O, (IM]") 276.13616, found 276.13984.

167720

Tert-butyl 4-((E)-3-hydroxyprop-1-enyl)benzoate (14). To a solution of 15 (0.500 g, 1.81
mmol) dissolved in 25 mL of CH,CI, and cooled to -40 °C was slowly added a 1 M solution

of DIBALH in hexanes (3.99 ml, 1.81 mmol). After 4 h of stirring at -40 °C, the reaction was
quenched with 10 mL of 1 M HCI and allowed to warm to rt. The solution was diluted with 50
mL of CH,CL, filtered through Celite, and extracted with two 50 mL portions of EtOAc. The
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combined organic layers were washed with brine and dried over Na,SO,. Flash chromatography
(EtOAc:Hex) afforded 0.280 g of product 14 as a clear oil (67%). IR (thin film): 3442, 2979,
2932, 1708, 1606 cm™, 'H NMR (300 MHz, CDCL,): 3, 1.59 (s, 9H), 4.36 (dd, 2H, J = 1.5 Hz,
5.4 Hz), 6.45 (dt, 1H, J =5.4 Hz, 16.0 Hz), 6.65 (d, 1H, J=16.0 Hz), 7.40 (d, 2H, J = 8.3 Hz),
7.93 (d, 2H, J = 8.4 Hz), "C NMR (75 MHz, CDCL,): §, 28.5, 63.7, 81.3, 126.4, 130.1, 130.2,
131.2,131.2, 141.0, HRMS (EI+) calculated for C H O, ([M]") 234.12559, found 234.12539.

Tert-butyl 4-((E)-3-acetoxyprop-1-enyl)benzoate (17). A modified procedure of S. David Tilley
was followed.” To a solution of 14 (0.050 g, 0.21 mmol) in 10 mL of CH,Cl, was added Ac,0
(0.02 mL, 0.22 mmol), pyridine (0.017 mL, 0.22 mmol), and DMAP (0.005 g, 0.04 mmol). After
30 min, the reaction mixture was diluted with 40 mL of CH,Cl, and washed with three 50 mL
portions of 0.1 M HCI, two 50 mL portions of sat. NaHSO, solution, and two 50 mL portions of
brine. The combined organic layers were dried over Na SO, concentrated, and purified by flash
chromatography (EtOAc:Hex), yielding 0.020 g of 17 as a clear oil (33%). IR (thin film): 3065,
2979, 2934, 1743, 1712, 1608, 1569 cm™','H NMR (300 MHz, CDCL,): 6, 1.59 (s, 9H), 2.11 (s,
3H),4.74 (d, 2H, J = 6.1 Hz), 6.37 (dt, 1H, J = 6.2 Hz, 15.9 Hz), 6.67 (d, 1H, 16.0 Hz), 7.41 (d,
2H, J=8.3 Hz), 7.93 (d, 2H, ] = 8.3 Hz), "C NMR (100 MHz, CDCl,): 3, 21.0, 28.2, 64.8, 81.1,
125.6,126.3, 129.3, 131.4, 133.0, 140.1, 165.5, 170.8. LRMS (FAB+) calculated for C, .H, O,
(IM]") 276, found 276.

4-(Tert-butoxycarbonyl)cinnamyl 4-nitrophenyl carbonate (18). A modified procedure of S.
David Tilley was followed.? A solution of 14 (0.116 g, 0.500 mmol) and pyridine (0.08 mL, 1
mmol) in 10 mL of CH,Cl, was slowly added a solution of nitrophenyl chloroformate (0.300 g,
1.49 mmol) dissolved in 10 mL of CH,Cl,. The reaction mixture was stirred for 1 h until com-
plete conversion was observed by TLC. The reaction mixture was washed with three 30 mL
portions of 0.1 M HCI, five 30 mL portions of sat. NaHSO, solution, two 50 mL portions of H,O,
and one 30 mL portion of brine. The crude product was dried over Na,SO,, concentrated, and
purified by flash chromatography (EtOAc:Hex), giving 0.020 g of 18 as a white solid (10%). IR
(thin film): 3120, 3088, 2979, 2934, 1768, 1709, 1608, 1595, 1570, 1527, 1493 cm™', 'H NMR
(400 MHz, CDCI,): 3, 1.60 (s, 9H), 4.96 (dd, 2H, J = 1.2 Hz, 6.5 Hz), 6.44 (dt, 1H, J = 6.5 Hz,
15.9 Hz), 6.80 (d, 1H, J =15.8 Hz), 7.41 (d, 2H, J = 9.2 Hz), 7.45 (d, 2H, J = 8.3 Hz), 7.96 (d,
2H,J = 8.4 Hz), 8.29 (d, 2H, J = 9.2 Hz), "C NMR (100 MHz, CDCL,): §, 28.2, 69.4, 81.2,
121.8, 123.5, 125.4, 126.6, 129.9, 131.9, 134.0, 139.6, 145.5, 152.4, 155.5, 165.4, HRMS (EI+)
calculated for C, H, NO, ([M]") 399.13180, found 399.13141.

217721

(E)-3-(4-bromophenyl)acrylic acid (2). This compound was previously synthesized by Mik-
royannidis and co-workers.” A previously reported procedure of Khosropour was modified for
the synthesis of 2.!° Bromobenzaldehyde (0.370 g, 2.00 mmol), malonic acid (0.208 g, 2.00
mmol), and piperazine (0.172 g, 2.00 mmol) were added to 2 mL of DMF in a microwave vial,
and microwaved for 4 min at 200 °C. The resulting clear orange solution was added dropwise
to 100 mL of 0.1 M HCI, and the pale orange precipitate was collected and dried by filtration
(1.28 g, 56%). 'H NMR (300 MHz, DMSO): 6, 6.54 (d, 1H, J =15.9 Hz), 7.54 (d, 1H, J = 16.5
Hz), 7.58 (d, 2H, J = 9.0 Hz), 7.64 (d, 2H, J = 8.7 Hz), 12.54 (s, 1H). The obtained spectral data
matched the previous report.

(E)-methyl 3-(4-bromophenyl)acrylate (3). A modified procedure of Stone was followed."" To
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a suspension of 2 (2.400 g, 10.48 mmol) in 200 mL of MeOH was added 1.1 mL of SOCI, (15
mmol) and the reaction mixture heated to reflux. Approximately 5 mL of additional SOCI, was
added until the solid was completely dissolved. The dark orange solution was heated at reflux
for 3 h and the solvent removed under reduced pressure, leaving crude product as orange crys-
tals. After purification by flash chromatography (EtOAc:Hex), 1.3 g of product was isolated as
a pale yellow solid (52%). 'H NMR (300 MHz, CDCL,): 6, 3.81 (s, 3H), 6.43 (d, 1H, ] = 15.9
Hz), 7.39 (d, 2H, J = 8.2 Hz), 7.52 (d, 2H, J = 7.4 Hz), 7.63 (d, 1H, J = 15.9 Hz). The obtained
spectral data matched the previous report.

(E)-3-(4-bromophenyl)prop-2-en-1-ol (4). This compound was previously synthesized by Avery
and co-workers. "> To a solution of 3 (0.100 g, 0.415 mmol) in 2 mL of CH,Cl, and cooled to

-78 °C was slowly added 1.3 mL of a 1 M solution of DIBALH in hexanes. After 5 min, 3 mL
of 0.1 M HCI was added and the mixture was warmed to rt. After filtering through Celite, the
organic layer was dried over Na, SO, and concentrated under reduced pressure to yield 0.062 g of
4 as a yellow solid (73%). '"H NMR (300 MHz, CDCL,): 8, 4.31 (d, 2H, J = 5.1 Hz), 6.35 (dt, 1H,
J=5.5Hz, 159 Hz), 6.56 (d, 1H, J = 15.9 Hz), 7.24 (d, 2H, J = 8.0 Hz), 7.43 (d, 2H, ] = 8.5 Hz).

(4-Bromocinnamyloxy)trimethylsilane (5). A round-bottom flask was charged with 4 (0.062 g,
0.24 mmol), TMSCI (0.034 mL, 0.26 mmol), DIPEA (0.046 mL, 0.26 mmol), DMAP (0.003 g,
0.02 mmol), and 6 mL of CH,Cl, and the resulting mixture stirred for 12 h. The resulting mix-
ture was purified directly by flash chromatography (EtOAc:Hex) yielding 0.060 g of product as a
pale yellow solid (87%). 'H NMR (300 MHz, CDCl,): 3, 0.17 (s, 9H), 4.48 (dd, 2H, J = 1.6 Hz,
5.2 Hz), 6.28 (dt, 1H, J = 5.2 Hz, 15.8 Hz), 6.52 (d, 1H, J = 15.8 Hz), 7.24 (d, 2H, ] = 8.5 Hz),
7.42 (d, 2H, J = 8.5 Hz).

(4-Bromocinnamyloxy)(zert-butyl)dimethylsilane (6). This compound was previously syn-
thesized by Couladorous and co-workers, and the reported procedure was followed."”* A round-
bottom flask was charged with 4 (0.400 g, 1.88 mmol), TBSCI (0.317 g, 2.07 mmol), imidazole
(0.320 g, 4.70 mmol), and 2 mL of DMF and the resulting mixture stirred for 1 h. The solution
was diluted with 50 mL of EtOAc, and washed with four 50 mL portions of H,O, one 50 mL
portion of 0.1 M HCI, one 50 mL portion of brine and dried over Na,SO,. Flash chromatography
(EtOAc:Hex) afforded 0.586 g of product 6 as a white solid (95%). '"H NMR (400 MHz, CDCL,):
3, 0.11 (s, 6H), 0.94 (s, 9H), 4.33 (dd, 2H, J = 1.8 Hz, 4.9 Hz), 6.27 (dt, 1H, ] = 4.9 Hz, 15.8 Hz),
6.53 (d, 1H, J=15.8 Hz), 7.23 (d, 2H, J = 8.4 Hz), 7.42 (d, 2H, J = 8.5 Hz). The obtained spec-
tral data matched the previous report.

(4-Formylcinnamyloxy)(zert-butyl)dimethylsilane (7). This compound was previously synthe-
sized by Berthiol and co-workers.'* To a solution of 6 (0.300 g, 0.917 mmol) in 10 mL of THF
and cooled to -78 °C was slowly added 1.14 mL of a 1.77 M solution of #n-BuLi in hexanes (2.02
mmol). After stirring for 30 min, DMF was dripped into the reaction mixture. After stirring for
one hour, the solution was warmed to rt and stirred for another hour. The solution was diluted
with 50 mL of EtOAc, and washed with two 50 mL portions of H,O, one 50 mL portion of brine
and dried over Na SO,. The solvent was removed under reduced pressure and flash chromatog-
raphy (EtOAc:Hex) afforded 0.125 g of product 7 as a white solid (50%). '"H NMR (300 MHz,
CDCl,): 3, 0.12 (s, 9H), 0.95 (s, 9H), 4.39 (dd, 2H, J = 1.8 Hz, 4.5 Hz), 6.46 (dt, 1H, J = 4.5 Hz,
15.8 Hz), 6.68 (d, 1H, J = 15.9 Hz), 7.52 (d, 2H, J = 8.2 Hz), 7.82 (d, 2H, J = 8.3 Hz). The obtai-
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ned spectral data matched the previous report.

(E)-4-(3-hydroxyprop-1-en-1-yl)benzaldehyde (8). A 15 mL Falcon tube was charged with

a solution of 7 (50 mg, 0.181 mmol) in 1.81 mL THF and cooled to 0 °C. To the solution was
added dropwise 0.543 mL HF-pyridine (3 eq, 0.543 mmol). After stirring for 10 min, no starting
material was observed by TLC, and the reaction was quenched with 20 mL saturated NaHCO,.
After extraction with three 50 mL portions of ethyl acetate, the organic layers were combined
and washed with three portions of 0.1 M HCI, one portion of brine, and dried over Na SO,. The
solvent was removed under reduced pressure and flash chromatography (1:1 EtOAc:Hex) afford-
ed 21.5 mg of product 8 as a white solid (73%). 'H NMR (300 MHz, CDCL,): 3, 4.39 (t, 2H, J =
5.5 Hz), 6.53 (dt, 1H, ] =16.0, 5.2 Hz), 6.70 (d, 1H, J = 16.0 Hz), 7.53 (d, 2H, J = 8.1 Hz), 7.83
(d, 2H, J = 8.2 Hz), 9.98 (s, 1H).

(E)-3-(4-formylphenyl)allyl acetate (9). To a solution of 8 (15 mg, 0.093 mmol) in 2 mL
CH,C1, and 2 mL pyridine was added acetic anhydride (0.127 mmol, 0.012 mL) and 0.01 g
DMAP. After 12 h, the reaction was diluted with ethyl acetate, washed with three portions of 0.1
M HCI, two portions of saturated NaHCO,, one portion of brine, and dried over Na,SO,. The
solvent was removed under reduced pressure and flash chromatography (1:3 EtOAc:Hex) af-
forded product 9 as a white solid. 'H NMR (400 MHz, CDCL,): §, 2.12 (s, 3H), 4.76 (d, 2H, ] =
6.1Hz), 6.44 (dt, 1H, J = 6.1, 15.9 Hz), 6.70 (d, 1H, J = 15.9 Hz), 7.54 (d, 2H, J = 8.0 Hz), 7.84
(d, 2H, J= 8.0 Hz), 9.99 (s, 1H).

(E)-5-((3-(4-formylphenyl)allyl)oxy)-5-oxopentanoic acid (20). To a solution of 8 (15 mg,
0.093 mmol) in 2 mL CH,Cl, and 0.015 mL pyridine was added glycolic anhydride (2 eq, 0.185
mmol, 21.1 mg) and one flake of DMAP. After 12 h, the reaction was diluted with ethyl acetate,
washed with three portions of 0.1 M HCI, one portion of brine, and dried over Na,SO,. The sol-
vent was removed under reduced pressure, and flash chromatography (1:1 EtOAc:Hex) afforded
product 20 as a white solid (42%). 'H NMR (300 MHz, CDCL,): 2.00 (p, 2H, ] = 7.3 Hz), 2.47
(td, 4H,J=17.3,3.3 Hz), 4.78 (d, 2H, ] = 5.9 Hz), 6.43 (dt, 1H, J = 15.9, 6.1 Hz), 6.70 (d, 1H, J =
16.0 Hz), 7.54 (d, 2H, J = 8.0 Hz), 7.84 (d, 2H, J = 8.2 Hz), 9.99 (s, 1H).

Experimental — Protein Experiments

Bacteriophage MS2. Routine propagation of MS2 was carried out in a one-liter batch process
using a modified procedure of Strauss and Sinsheimer' developed by Ernest Kovacs.> The
growth medium for the host bacteria, E. coli, was prepared by the addition of 10 g of TryptoPep-
tone, 5 g of Bacto,, Yeast Extract, and 8 g of NaCl to 1 L of ddH,O. After autoclave sterilization
of the resulting broth, 10 mL of sterile 10% glucose solution, 2 mL of sterile 1 M CaCl, solu-
tion, and 1 mL of a sterile solution of 10 mg/mL thiamine hydrochloride solution were added.
Culture media were infected with revived Hfr+ E. coli that had been grown from a single colony
originally isolated from a freeze-dried pellet (American Type Culture Collection, ATCC, No.
15669; Rockville, MD). The infected culture was incubated at 37 °C under aerobic conditions
until an optical density (OD) of 0.2 at 600 nm was reached, signifying exponential growth of
the host bacteria. Inoculation of the bacteria was accomplished by the addition of a small aliquot
of MS2 suspension (stored at 4 °C) that had previously been propagated from purchased stock
(ATCC No.15597-B1) by a similar procedure. Propagation of the virus was carried out at 37 °C
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for at least 4 h, but typically overnight to ensure complete lysis of the bacterial culture. Isola-
tion of the MS2 phage was performed by separation of lysed bacterial debris by centrifugation
at 4500 rcf for 30 min at 4 °C, followed by selective precipitation by the addition of 10% (w/v)
poly(ethylene glycol)-6000 and NaCl to a final concentration of 0.5 M. The precipitated MS2
was then separated from the supernatant by centrifugation at 13,000 rcf for 1 h at 4 °C. The re-
sulting pellet was resuspended in 50 mL of aqueous buffer (0.5 M Na,PO,, 0.1 M NaCl, pH 7.2)
and passed through a 0.22 um sterile filter (Millipore Corp., USA) under vacuum to afford MS2
phage as the only protein in solution, as determined by SDS-PAGE. Further purification of MS2
by FPLC was performed to remove residual polymer from the precipitation step.

Empty MS2 Capsids from phage (large scale preparation) (mtMS2). To a 40 mL solution of
MS?2 virions (typically 1 mg/mL in 10 mM NaH,PO,, pH 7.2 buffer) was added 10 mL of a high
concentration buffer (500 mM Na HPO,, pH 11.8). The resulting solution was incubated at rt for
1 h and then treated with 10% (w/v) poly(ethylene glycol)-6000 and NaCl to a final concentra-
tion of 0.5 M. The precipitate was separated via centrifugation and then dissolved in 40 mL of an
aqueous buffer (10 mM Na,HPO,, pH 7.2) by gentle inversion. The process (pH adjustment and
precipitation) was repeated two additional times. The final precipitate mixture was centrifuged at
10,000 rcf for 30 min at 4 °C and the pellet was dissolved in a minimal volume (typically 5-10
mL) of aqueous buffer (10 mM Na HPO,, pH 7.2). Any insoluble material was removed by cen-
trifugation and the clarified solution was passed through a gel filtration column via FPLC-SEC
(as outlined above). The overall process afforded empty capsids in 80-90% yield of the initial
phage as determined by UV measurements at 260 nm (OD, /8.03 = concentration of capsids in
mg/mL).

Preparation of catalyst/ligand solution for protein modification reactions.” To a mixture of
Pd(OAc), (6.9 mg) and Strem TPPTS (110.4 mg) (1:5 Pd/unoxidized ligand, taking into account
previously determined amounts of phosphine oxide and DMSO contaminants) was added 3.74
mL of distilled water. After sparging with nitrogen for 1 min, the mixture was sonicated until the
Pd(OAc), was dissolved. The solution was again sparged with nitrogen for an additional 30 min
to yield a homogeneous bright yellow solution. This solution was stored in sealed ampules under
argon.

Typical protein reaction with allylic substrate 9. A solution of mtMS2 (4 uL, 240 uM, final
concentration = 100 uM, 1 equiv.) was diluted by adding 12.5 pL of phosphate buffer (100 mM,
pH 10.0). To this solution was then added 9 (1 puL, 20 mM in DMSQO, final concentration = 1
mM, 10 equiv, 5% DMSO) and catalyst mixture (1 uL, 8 mM Pd(OAc),, 2 mM TPPTS, final
concentration = 400 uM Pd(OAc),, 4 equiv;, 2 mM TPPTS, 20 equiv). The reaction mixture was
incubated at rt for 1 h.

Typical conjugation of aldehyde-modified protein and alkoxyamine for gel analysis. After 1
h of reaction as described above, 10 pL of the reaction mixture was exchanged into pH 7 phos-
phate buffer. An aliquot of the protein solution (2 uL, 100 uM) was mixed with PEG-2K alk-
oxyamine (1 uL, 50 mM), or Alexafluor 488 alkoxyamine (0.5 uL, 5 mM). After 12 h, loading
buffer was added to bring the total volume to 10 pL, followed by gel analysis.

Preparation of modified protein for LC/MS analysis: NAP-5 purification. A typical protein
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reaction was carried out as described above. To a pre-equilibrated NAP-5 column was added the
reaction mixture (diluted to a total volume of 200 pL in phosphate buffer). After the solution had
settled into the gel bed, additional phosphate buffer (300 uL) was added to account for the void
volume of the column. The protein solution was then eluted with phosphate buffer (1.5 mL).

The partially purified reaction mixture was then concentrated by centrifugation against 10 kDa
MWCO spin concentrators to a final volume of 20 pL.

Preparation of modified protein for LC/MS analysis: Spin Column purification. A typical
protein reaction was carried out as described above. The reaction mixture was applied to a spin
column previously equilibrated with phosphate buffer. After centrifugation, the partially purified
reaction mixture was then, if necessary, concentrated by centrifugation against 10 kDa MWCO
spin concentrators to a final volume of 20 pL.

Procedure for trypsin digest. An aliquot of a NAPS5-purified (into 10 mM pH 7 phosphate
buffer) typical MS2 bioconjugation reaction (75 uL) wass mixed with sequencing grade trypsin
(1.27 uL, in 50 mM AcOH), and MeCN (8.4 uL). The mixture was allowed to incubate at 37 °C
for 4-12 h in a warm water bath. The reaction mixture was desalted using C18 Zip-tips and spot-
ted on a MALDI plate for analysis by MALDI-TOF.
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Chapter 3: A tri-functional linker for interior modification of
N87C MS2 with taxol

3.1 Introduction.

Due to the difficulties in adapting our group’s tyrosine modification strategy for the installation
of drug cargo selectively to the interior of the MS2 capsid, we turned to thiol alkylation chem-
istry and an MS2 mutant containing a uniquely reactive cysteine on the interior surface of the
capsid. The wild-type MS2 coat protein contains 2 cysteine residues near the exterior surface of
the capsid; however, these have previously been observed to exhibit diminished reactivity due

to their poor solvent accessibility.! Therefore, an amino acid on the interior of the capsid was
mutated to a cysteine (N87C) to provide a sulthydryl group for the attachment of cargo (Figure
3-1). The assembled mutant MS2 capsids can be accessed by recombinant expression of the coat
protein,” yielding non-infectious genome-free particles with adjustable amino acid composition.

Figure 3-1. Crystal structure representation of the N§7C
mutant of MS2. a) Interior dimer perspective,with the position
87 highlighted in red. b) An assembled capsid hemisphere
viewing the interior surface, with position 87 highlighted in
red.

The drug we chose to attach to the MS2 capsid was taxol, a potent chemotherapeutic used in cur-
rent treatment of breast, lung, and ovarian cancers.> However, as discussed previously, taxol suf-
fers from prohibitively low water solubility and therefore must be administered over long periods
of time as an infusion containing a toxic detergent.* Although the attachment of taxol to a water
soluble protein carrier would increase the solubility of the drug during delivery, it was neces-
sary to first solubilize the drug molecule in water to allow protein bioconjugation. Portions of the
work described in this chapter have been reported in a separate publication.’

3.2 Linker synthesis.

The first attempt to build a water-soluble taxol molecule with cysteine modification functional-
ity was simply to use a commercially available bifunctional PEG molecule. PEG functionaliza-
tion has been shown to increase the solubility of various drugs, as well as other improvements
to biodistribution. The molecule we used was a discrete PEG that contains an NHS-ester on one
end and maleimide on the other. The NHS-ester would be used to attach taxol through creation
of the 2’-OH ester, while the maleimide could then be used for cysteine modification. A variety
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Figure 3-2. Efforts to derivatize Taxol at the 2° OH group. a) Using commercially available
SM(PEG),. b) Ester formation with Boc protected glycine. c) Ester formation with Fmoc protected
Glycine.

of bases were used to attempt to effect the ester formation. However, no reaction was observed
in any of the tested conditions (Figure 3-2a).

Since one limitation for the ester formation step was the sensitivity of the maleimide functional-
ity, we next attempted to derivatize taxol using a glycine linker. Both Fmoc and Boc protected
glycines were successfully attached to taxol at its 2’-OH hydroxyl group (Figure 3-2b-c).® How-
ever, the respective deprotection steps proved to be difficult, leading to poor recovery of stable
products. A literature search showed similar observations by others attempting to derivatize
taxol at the 2’-OH group.” While several custom amine protecting groups proved possibly effec-
tive, we decided to pursue an alternative strategy to taxol modification.

A promising strategy found in the literature was the modification of taxol’s 2’-OH using succinic
anhydride, revealing a carboxylic acid for further modification, while creating an ester bond that
slowly hydrolyzes to release taxol (Figure 3-3).* Since this carboxylic acid would not directly re-
act with the PEG molecule as planned above, we sought to design a linker of our own that would
incorporate cysteine modification functionality while also increasing water solubility. To do this,
we turned to two readily available tri-functional molecules — the amino acids cysteine and lysine.
Using cysteine, we envisioned utilizing the thiol functionality for disulfide exchange, and for the
lysine molecule, we planned to derivatize the side chain e-amine as either the maleimide or the
iodoacetamide for MS2 modification by cysteine nucleophilic addition.

o]

220H, 0._9_.0 DIPEA, CH,Cl
Taxol# + v L Taxol -° OH
reflux, 3 h

9

R, R, R, R, =1) Taxol, 2) water-
Riy R, solublizing group, and 3) cysteine
H modifying group, in some order.

Figure 3-3. a) Elaboration of Taxol at the 2° OH using succinic
anhydride. b) Amino-acid based trifunctional linker for imparting
water solubility and bioconjugation functionality to Taxol.
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To construct the cysteine based linker (Figure 3-4) we started off with the Boc protection of

the cysteine amine under standard basic conditions with Boc,O. Disfulide exchange with
2,2’-dithiodipyridine afforded the oxidized thiol as the pyridyl disulfide. The carboxylic acid
was then activated as the NHS-ester through a standard DCC reaction, and the activated ester
was where we attempted to impart water solubility via reaction with taurine, a molecule contain-
ing both an amine for reaction with the NHS-ester and sulfonate to increase charge and water
solubility. However, this final step proved difficult due to solubility issues and the sensitivity of
the disulfide bond to various reaction conditions.

N |
S N
SH BOCZO SH U z N
H N/(EOH aq. bicarb./ B OH >
2 : : OC.N EtOH, 5% AcOH
NaOH/THF H » 5% Ac Boc-N/(EOH

77% 11 H
12
z
| DMEF/H,0, TEA
DCC, NHS, ACN SN I SRR YA -
> s o T T soy HOBt-H.0, NaHCO
Boc._y S -
N NHS, DIPEA, DMF/H,0
) & I« -

Figure 3-4. Synthetic route to form a trifunctional cysteine disulfide based linker.
Various conditions were attempted to attach the charged sulfonate for increased water
solubility.

In parallel we also sought to synthesize the analogous lysine based molecule. Early efforts of
maleimide synthesis using N-(methoxycarbonyl) maleimide (Figure 3-5a) proved ineffective on
both amines of lysine, as well as several linear amines. We ultimately discovered in the litera-
ture an extremely effective maleimide synthesis procedure of amino acids based on the one-pot
ring opening and ring closing of maleic anhydride by primary amines and the concurrent activa-
tion of the acid as the NHS-ester (Figure 3-5b).” This reaction ran to completion on the simple

a) o o

1 NJLO/

b)

o
HZN’\)LOH \g/\)L ’\)L
14 DMF, 2 h

OH

o
2x DCC, o/n

Figure 3-5. a) N-(methoxycarbonyl) maleimide.
b) Procedure for NHS-maleimide synthesis from
amino acid precursors.
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amino acids, such as beta-alanine, and we attempted to effect the same reaction using a mono-
BOC protected lysine molecule, proving most effective in the situation where the maleimide was
formed at the side chain amine (Figure 3-6). Taurine was dissolved in water and reacted with
the activated acid in a final solvent ratio of 4:1 DMF/water with 2 equivalents of amine base to
install the sulfonate group as a water-solubilizing agent. This was followed by TFA deprotec-
tion to liberate the lysine a-amino group for attachment to taxol. To install a suitable attachment
group, the 2'-OH of taxol was reacted with succinic anhydride to transform the hydroxyl group
into a carboxylic acid functionality (according to a previous literature procedure®), which was
then attached to 9 under HATU-mediated amide bond forming conditions. After solid phase ex-
traction with an anion exchange resin, crude 21 was purified by reversed phase HPLC and used
as a 20 mM solution in DMF. This molecule was also soluble in water and buffer at concentra-
tions up to 2 mM.

" Ao

N

1) maleic anhydride taurine, DIPEA TFA/CH,CI,
OH DMF, 2 h _ DMF/H,0 4:1 1 h, 4 °C
BocHN ¥ BocHN Oy \/\
0 2) DCC, NHS, DMF " BocHN so3

12 h, 1t s

HATU, DIPEA

H
. Ne~sos 4 h, DMF
(e}
20

Figure 3-6. Synthetic route to water soluble, maleimide functionalized Taxol.

3.3 MS2 modification with a water-soluble taxol-maleimide.

Reaction of the maleimide group of 21 with the sulthydryl group of N87C MS2 was achieved at
room temperature in 10 mM phosphate buffer at pH 7 (Figure 3-7a). Five equivalents of 21 were
added to N87C MS2 and the reaction allowed to proceed for 1 h. The use of higher pH bufters
resulted in detectable degradation of the taxol component. The modified capsids were purified
from small molecules via size exclusion chromatography. ESI-MS analysis (Figure 3-7b) of the
capsid monomers showed significant levels of single modification, while wild type MS2 showed
no modification under the same reaction conditions. Thus, the modification is most likely en-
tirely confined to the cysteine residue introduced on the capsid interior. For analysis purposes,
reversed phase HPLC (Figure 3-7c) was used to separate modified and unmodified MS2 mono-
mers, allowing the level of conjugation to be quantified. Integration of the tryptophan fluores-
cence peaks showed up to 65% modification of the MS2 monomer proteins, which translated to
~110 molecules of taxol per capsid, or approximately 2% loading by weight.
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3.4 Modified MS2 characterization.

The attachment of so many hydrophobic molecules to the capsid could potentially disturb the
stability of the protein assembly. It was therefore necessary to ensure that modified MS2 protein
still retained the capsid form. Size exclusion chromatography (Figure 3-7d) indicated that the
protein remained as intact capsids. TEM imaging (Figure 3-7g) confirmed the presence of as-
sembled capsids, while dynamic light scattering (DLS) measurements (Figure 3-7¢) showed that
the modified MS2 capsids were of comparable diameter to wild-type MS2. Thermal denaturation
experiments (also followed by DLS) indicated that the capsids were stable up to 64 °C (Figure
3-7f). The modified capsids remained soluble in phosphate buffer at 200 uM (based on MS2
monomer). Higher concentrations of the MS2 conjugates were not examined.

21, 10 mM
H phosphate buffer,
pH7,1h,RT.
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Figure 3-7. a) Synthesis of taxol-MS2 conjugates. b) ESI-MS reconstruction
of N87C MS2 and the taxol-MS2 conjugate. Expected mass of N87C MS2 m/z
[M + H'] = 13719 amu. Expected mass of taxol-MS2 m/z [M + H'] =14987
amu. c¢) Reversed-phase HPLC was used to quantify the modification level
based on the increased retention caused by the hydrophobic taxol group. d) Size
exclusion chromatography and e) dynamic light scattering analysis of N§7C
MS?2 and Taxol-MS2 confirmed that the capsids remained assembled after
modification. f) Thermal stability of MS2-taxol conjugates, as measured using
DLS. Capsid instability (which results in aggregation) occurs at temperatures
above 64 °C. g) TEM images of modified MS2.

Antibody binding experiments were performed to confirm the presence of taxol on the interior
of N87C MS2 capsids. Western blot analysis (Figure 3-8a) showed the presence of taxol only
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on the N87C MS2 mutants. Wild-type
capsids that had been exposed to ma-
leimide 21 gave no signal, providing
further evidence that the native cysteines
in the MS2 coat protein were unreactive.
The internal location of the taxol mol-
ecules was confirmed by performing an
immuno dot blot (Figure 3-8b) on intact
versus GnHCl-denatured MS2 capsids.
a-MS2 antibodies were used to assay for
the presence of MS2 protein with similar
results, while a-taxol antibodies showed
significantly different signal intensities
for intact and denatured capsids. Pre-
sumably, the taxol molecules on the
interior of the capsid are blocked from
interacting with the antibodies, which
are not able to fit through the capsid
pores to access the interior surface.
These molecules are only able to in-
teract with the antibodies upon protein
denaturation and capsid disassembly.

To determine capsid stability under
physiological conditions, samples of
MS?2 internally labelled with Oregon
Green 488 maleimide (to facilitate
detection) were incubated for 6 d at 37
°C in PBS, 10% FBS, and cell culture
media. In each case, SEC analysis
revealed that >80% of the initial protein
sample remained as assembled capsids
(Figure 3-9a). Thus, little disassembly
is to be expected in the absence of cel-
lular targets.

3.5 Taxol release and cytotoxic-
ity measurements.

A taxol release profile was also deter-
mined at pH 7.4. Samples of MS2-taxol
conjugates were incubated in 10% FBS
for 5 d. At 24 h intervals, samples were
taken and the remaining capsids were
isolated via selective PEG precipitation
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Figure 3-8. Antibody analysis of taxol-MS2 conjugates a) Western blot
analysis indicated the presence of taxol on MS2 capsid monomers. b)
Immuno dot blot analysis showed different responses to taxol molecules
attached to denatured monomers (left) and inside assembled capsids
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Figure 3-9. Stability of MS2 conjugates under cell culture conditions. a)
Samples of MS2 capsids labeled with Oregon Green maleimide at C87
were incubated at 37 °C for six days in the indicated solutions. Following
this, the samples were analyzed using SEC. The amounts of the intact
capsids remaining were quantified using the UV absorption at 488 nm. All
samples were initially 10 uM, based on MS2 capsid monomer. b) A drug
release profile was determined for MS2 capsids containing taxol conjugate
6 at 37 °C. The initial capsid concentration was 10 uM in 10% FBS/PBS,
pH 7.4. At the indicated time, the remaining intact capsids were isolated
via ammonium sulfate precipitation and SEC. Subsequent RP-HPLC
analysis of the capsid samples allowed separation of the protein with and
without bound taxol (see trace in Figure 3-7c as an example). The taxol
remaining in the capsid fraction was quantified using the tryptophan
fluorescence (A =280 nm, A =330 nm) of the associated protein.
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and SEC. RP-HPLC analysis of the resulting material allowed quantification of the amount of
taxol that had been released (Figure 3-9b). '° These experiments indicated a 2 d half-life for the
linker under these conditions.

A cell viability assay was used to test the effect of MS2 and taxol-MS2 on cancer cells in vitro
(Figure 3-10). The release of taxol was expected to occur via hydrolysis of the ester bond at the
2'-OH position.'"" MCF-7 breast cancer cells were assayed using Alamar Blue dye, a fluorescent
indicator of cellular metabolic processes!? that proved to be the most effective out of several
cytotoxicity assays (MTT, XTT). Unmodified N87C
MS2 was found to have no noticeable effect on MCF-
7 viability. However, taxol-containing MS2 caused a
significant lowering of cell viability, which was virtu- 100
ally identical to that occurring through the administra-
tion of equivalent amounts of taxol solubilized with
small amounts of DMSO. Virtually identical results 50 4
were obtained after 3 d and 5 d incubation times. While
it is not known how efficiently the untargeted capsids
are uptaken via pinocytosis, the drug release experi- 01nM  1nM  10nM  100nM  1pM
ments suggest that a reduced amount of taxol would [taxol] /M
be available through hydrolysis alone over the 3 d time  Figure 3-10. Cell viability assay using an MCF-7

. . L. cell line. Five days after the initial treatment, the
period. However, the equivalent toxicity to that of free  cell survival was calculated relative to an untreated
taxol suggests that the cells may be playing an active control by measuring the fluorescence resulting

. .. from treatment with Alamar Blue. Taxol-MS2
role in the cleavage process. Whether or not this is the conjugates were delivered as a solution in 10 mM
case, the addition of targeting groups that bind the drug  phosphate buffer, and free taxol was applied as a
<1% solution of dimethyl sulfoxide in phosphate

conjugates to SpeCiﬁC cell types would be eXpeCted to buffer. Error bars represent the standard deviation
focus this activity only on the relevant cancer tissue. resulting from six replicate experiments.

—— Taxo0l-MS2
—N87C MS2
—— Taxol

25 1

In conclusion, a water-soluble derivative of the chemotherapeutic drug taxol containing biocon-
jugation functionality was synthesized and attached to MS2 viral capsids. The modified capsids
remained in their capsid form and released taxol when incubated with MCF-7 cells, resulting in
cell viability levels similar to that of free taxol in solution. We are presently investigating the use
of linkers that undergo cell-specific cleavage between cargo and capsid, as well as the generation
of MS2 capsids with both drug cargo and active targeting groups. Equally valuable is the new
water soluble taxol derivative itself, which can be attached to a variety of drug delivery carriers
in addition to the viral capsids described herein.

3.6 Materials and methods.

General Procedures and Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and used without
further purification. Analytical thin layer chromatography (TLC) was performed on EM Re-
agent 0.25 mm silica gel 60-F,,, plates with visualization by ultraviolet (UV) irradiation at 254
nm and/or staining with potassium permanganate. Purifications by flash chromatography were
performed using EM silica gel 60 (230-400 mesh). The eluting system for each purification
was determined by TLC analysis. Chromatography solvents were used without distillation. All
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organic solvents were removed under reduced pressure using a rotary evaporator. Water (ddH,O)
used in biological procedures or as a reaction solvent was deionized using a NANOpure™ purifi-
cation system (Barnstead, USA) purchased from Aldrich. Solid phase extraction (SPE) columns
were purchased from Phenomenex, Inc. (www.phenomenex.com) and used as specified, unless
otherwise noted. Monoclonal goat Anti-mouse—Peroxidase (sc-205) and Mouse Anti-taxol IgG
antibodies (sc-69899) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and used
without further purification. Polyclonal goat anti-rabbit antibodies (ab6721) were obtained from
Abcam Inc. (Cambridge, MA) and used without further purification. Polyclonal rabbit anti-MS2
antibodies were obtained from a previously reported procedure.'* All cell culture reagents were
obtained from Gibco/Invitrogen Corp (Carlsbad, CA) unless otherwise noted.

Instrumentation and Sample Analysis Preparations

NMR. 'H and “C spectra were measured with a Bruker AV-500 (500 MHz), or a Bruker DRX-
500 (500 MHz) spectrometer, as noted. 'H NMR chemical shifts are reported as & in units

of parts per million (ppm) relative to CDCI, (3 7.26, singlet), or methanol-d, (3 3.31, pentet).
Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), or m (multiplet). Cou-
pling constants are reported as a J value in Hertz (Hz). The number of protons (n) for a given
resonance is indicated as nH, and is based on spectral integration values. '*C NMR chemical
shifts are reported as & in units of parts per million (ppm) relative to CDCI, (8 77.2, triplet), or
methanol-d, (6 49.00, septet).

Mass Spectrometry. High resolution Electrospray (ESI) and Fast Atom Bombardment (FAB™)
mass spectra were obtained at the UC Berkeley Mass Spectrometry Facility. Electrospray LC/
MS analysis was performed using an API 150EX system (Applied Biosystems, USA) equipped
with a Turbospray source and an Agilent 1100 series LC pump. Protein chromatography was
performed using a Phenomenex Jupiter™ 300 5p C5 300 A reversed-phase column (2.0 mm x
150 mm) with a MeCN:ddH,O gradient mobile phase containing 0.1% formic acid (250 uL/min).
Protein mass reconstruction was performed on the charge ladder with Analyst software (version
1.3.1, Applied Biosystems).

High Perfomance Liquid Chromatography. HPLC was performed on an Agilent 1100 Series
HPLC System (Agilent Technologies, USA). Size exclusion chromatography was accomplished
on an Agilent Zorbax® GF-250 with isocratic (0.5 mL/min) flow or a Phenomenex PolySep-GFC-
P 5000 (PS5K) column (300 x 7.8 mm, flow rate 1.0 mL/min) using an aqueous mobile phase
(10 mM Na,HPO,, pH 7.2) . Reversed-phase liquid chromatography on protein samples was
accomplished on a Agilent Poroshell 300 SB-C18 column (2.1 x 75 mm) using a MeCN:ddH,O
gradient mobile phase containing 0.1% trifluoroacetic acid. Semi-preparatory scale purification
was performed using a Agilent Zorbax 300 SB-C18 column (9.4 mm x 25 cm). Sample analysis
for all HPLC experiments was achieved with an inline diode array detector (DAD) and an inline
fluorescence detector (FLD).

Gel Analyses. Sodium dodecyl sulfate-poly(acrylamide) gel electrophoresis (SDS-PAGE) was
accomplished on a Mini-Protean apparatus from Bio-Rad (Hercules, CA) with 10-20% gradient
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polyacrylamide gels (BioRad, CA), following the protocol of Laemmli.'* All electrophoresis
protein samples were mixed with SDS loading buffer in the presence of dithiothreitol (DTT) and
heated to 100 °C for 10 min to ensure reduction of disulfide bonds and complete denaturation un-
less otherwise noted. Commercially available molecular mass markers (Bio-Rad) were applied
to at least one lane of each gel for calculation of the apparent molecular masses. Gel imaging was
performed on an EpiChem3 Darkroom system (UVP, USA).

Immunoblot Analyses. Western blot and dot blot analyses was performed using nitrocellulose
membranes (GE Osmonics, Minnetonka, MN). Membrane blocking was achieved using a solu-
tion of 2% bovine serum albumin (BSA) in phosphate-buffered saline. Chemiluminescent signal
was generated from horseradish peroxidase conjugates after a 1 min incubation with Western
Lighting Chemiluminescence Reagent Plus (Perkin Elmer, USA) and captured with a Molecular
Imager ChemiDoc XRS+ System (BioRad, USA).

Centrifugations were conducted with an Allegra 64R Tabletop Centrifuge (Beckman Coulter,
Inc., USA). General desalting and removal of other small molecules of biological samples were
achieved using NAP-5 gel filtration columns (GE Healthcare). Protein samples were concen-
trated by way of centrifugal ultrafiltration using Amicon Ultra-4 or Ultra-15 100 kDa molecular
weight cut off (MWCO) centrifugal filter units (Millipore), or Amicon Microcon 10 kDa, 30
kDa, and 100 kDa MWCO (Millipore) centrifugal filter units.

Dynamic Light Scattering. DLS measurements were performed on a Zetasizer Nano ZS (Mal-
vern Instruments, UK). Samples were taken in 10 mM phosphate buffer pH 7.2 at 24 °C. Data
points are calculated from an average of three measurements, each of which consists of 10 runs
of 45 seconds each.

Transmission Electron Microscopy (TEM). TEM images were obtained at the UC-Berkeley
Electron Microscope Lab (www.em-lab.berkeley.edu) using a FEI Tecnai 12 transmission elec-
tron microscope with 100 kV accelerating voltage.

Experimental Procedures

N87C MS2 production.

The pPBAD-MS2 plasmid and protein expression has been previously reported.? The pBAD-
MS2-N87C mutant was made by site-directed mutagenesis of the pPBAD-MS2 plasmid. Position
87 was converted to a cysteine using the following forward and reverse primers:

Forward: 5’~AGCCGCATGGCGTTCGTACTTATGTATGGAACTAACCATTC-3’
Reverse: 5S> -GAATGGTTAGTTCCATACATAAGTACGAACGCCATGCGGCT-3’

Growth and purification of MS2-N87C was identical to that of wtMS2. Yields are slightly less
than the 100 mg/L reported for wtMS2.
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(5)-2,5-dioxopyrrolidin-1-yl-2-(zert-butoxycarbonylamino)-6-(2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)hexanoate (18). A solution of Boc-lysine (17, 492 mg, 2 mmol) and maleic anhy-
dride (215.6 mg, 2.2 mmol) in 1 mL of DMF was stirred for 2 h at RT. The reaction was then
cooled to 0 °C for 10 min, followed by the addition of DCC (906 mg, 4.4 mmol) and NHS (288
mg, 2.5 mmol). The reaction was warmed to RT and stirred overnight, resulting in a pale orange
slurry. The solid was isolated via filtration and washed with approximately 100 mL of CH,CL..
The combined organic filtrates were washed with three 100 mL portions of dilute aqueous NaH-
CO, and one portion of brine, and then dried over Na,SO,. The resulting solution was filtered
and the solvent was removed under reduced pressure. After purification by flash chromatography
(1:1 to 8:2 EtOAc:Hexanes), 380 mg of product was isolated as a white filmy solid (45%). 'H
NMR (500 MHz, CDCL): 6, 1.39 (m, 11H), 1.59 (m, 2H), 1.78 (m, 1H), 1.91 (m, 1H), 2.78 (s,
4H), 3.48 (t, 2H, J= 7.0 Hz), 4.57 (m, 1H), 5.18(d, 2H, J = 8.5 Hz), 6.64 (s, 2H). *C NMR (125
MHz, CDCl,): 6, 22.1, 25.6, 28.0, 28.3, 32.1, 37.3, 51.8, 80.4, 134.1, 154.9, 168.4, 168.8, 170.9.
HRMS (FAB) calculated for C ;H,.N.O, ([M+ Li]") 430.1802, found 430.1802.

197725

(8)-2-(2-(tert-butoxycarbonylamino)-6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido)
ethanesulfonate (19). To a solution of 18 (190 mg, 0.45 mmol) in 5 mL of DMF was added
DIPEA (0.9 mmol, 161 uL) and taurine (0.45 mmol) as a 0.5 M aqueous solution. The reaction
solution was stirred for 6 h. The solvent was removed under reduced pressure and the resulting
yellow oil was dissolved in MeOH. Purification was achieved using a Phenomenex Strata X-AW
SPE column (loaded with MeOH, washed with MeOH and water, and eluted with 2% NH,OH
in MeOH) leaving a yellow solid (111 mg, 54%). 'H NMR (500 MHz, MeOD): 6, 1.28-1.40 (m,
2H), 1.44 (s, 9H), 1.59 (m, 3H), 1.76 (m, 1H), 2.95 (t, 2H, J= 6.6 Hz), 3.49 (6, 2H, J=7 Hz),
3.58 (t, 2H, J= 6.8 Hz), 3.93 (m, 1H), 6.80 (s, 4H). '*C NMR (125 MHz, MeOD): 8, 24.2, 28.7,
29.2,32.8, 36.6, 38.3, 51.4, 56.2, 80.7, 135.4, 157.9, 169.9, 172.6, 175.0. HRMS (ESI) calcu-
lated for C_H, N.O,S- ([M]) 432.1446, found 432.1453.

177726

(5)-2-(2-amino-6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido)ethanesulfonate (20).
To a solution of 19 (10 mg, 23.2 umol) in 1 ml of CH,Cl, cooled to 0 °C was added 1 mL of TFA.
The resulting solution was stirred for 15 min. The resulting solution was concentrated under
reduced pressure, and the product was precipitated by triturating with three 1 mL portions of
EtOAc. The product was obtained as a white solid (6.7 mg, 90%). HRMS (ESI) calculated for
C,H N.OS ([M]) 332.0922, found 332.0924.

127718

Taxol maleimide conjugate 21. To a solution of taxol-succinate (10 mg, 0.011 mmol),® 20
(4.18 mg, 0.0126 mmol), and DIPEA (7.18 pL, 0.42 mmol) in 1 mL of DMF was added HATU
(6 mg, 0.0158 mmol). The resulting solution was stirred for 4 h. After the solvent was removed
under reduced pressure, the reaction mixture was first purified on a Phenomenex Strata X-AW
SPE column (loaded with MeOH, washed with MeOH and water, and eluted with 2% NH,OH
in MeOH). The yellow solid was then purified by reversed phase HPLC on a C-18 semi-prepar-
ative column, using an isocratic 34% ACN/66% H,0/ 0.1% TFA mobile phase. 'H NMR (500
MHz, MeOD): 9, 1.13 (m, 6H), 1.23-1.35 (m, 15H), 1.54-1.66 (m, 6H), 1.70-1.84 (m, 3H), 1.91
(s, 3H), 2.10-2.20 (m, 4H), 2.39 (s, 3H), 2.44-2.68 (m, 3H), 2.78 (t, 2H, J = 6.6 Hz), 2.94 (m,
2H), 3.48 (t, 2H, J= 6.9 Hz), 3.52-3.66 (m, 2H), 3.80 (d, 1H, J=7.2), 4.15-4.22 (m, 3H), 4.34
(m, 1H), 5.01 (m, 1H), 5.50 (d, 1H, J= 6.8 Hz), 5.62 (d, 1H, J=7.2 Hz), 5.77 (t, IH, J= 7.8
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Hz), 6.04 (t, 1H, J=9.1 Hz), 6.45 (s, 1H), 6.79 (s, 2H), 7.25 (t, 1H, J= 7.5 Hz), 7.41-7.56 (m,
6H), 7.61 (t,2H, J=7.7 Hz), 7.69 (t, 1H, J=7 Hz), 7.85 (d, 2H, J= 7.3 Hz), 8.11 (d, 2H, J=7.4
Hz). HRMS (ESI) calculated for C_H_ N,O,,S" ([M]) 1267.4286, found 1267.4304.

6377717 4722

(R)-2-((tert-butoxycarbonyl)amino)-3-(pyridin-2-yldisulfanyl)propanoic acid (12). A so-
lution of 11 (100 mg) and 2,2’-dithiodipyridine (5 eq, 500 mg) in 5 mL of EtOH/5% AcoH
was stirred for 4 h, after which the solvent was removed under vacuum. The crude prod-

uct was purified by flash chromatography two times, (solvent system 1 — 1:1:0.5% Ethyl
acetate:Hexanes:AcOH, solvent system 2 — 15:85:0.5% Ethyl acetate:Hexanes:AcOH). The
clear fractions of the second column were pooled and solvent removed under reduced pressure
to yield the mixed disulfide. The desired product can also be recrystallized using ethyl acetate/
hexanes. In addition, the product can be precipitated out from the crude reaction by addition of
CH,CL,. 'H NMR(400 MHz, CDCL,): § = 1.42 (s, 9H), 2.84 (dd, 1H, J = 14.3, 10.5 Hz), 3.44 (dd,
1H,J=14.3, 4.1 Hz), 4.38 (m, 1H), 6.08 (d, 1H, J = 6.8 Hz), 7.26 (s, 3H), 7.43 (d, 1H, J = 8.2
Hz), 7.69 (t, 1H, J = 7.8 Hz), 8.47 (d, 1H, J = 5.0 Hz).

(R)-2,5-dioxopyrrolidin-1-yl 2-((tert-butoxycarbonyl)amino)-3-(pyridin-2-yldisulfanyl)
propanoate (13). A solution of 12 (50 mg, 0.152 mmol), DCC (1.1 eq., 0.167 mmol, 34.33 mg),
and NHS (1.1 eq., 0.167 mmol, 19.2 mg) in acetonitrile (25 mL) was stirred for 3 h. A white
solid precipitate formed. After 3 h, the reaction was cooled to 0 °C for 1 h. The solvent was then
removed under vacuum and the residue dissolved in ethyl acetate. The solution was wash with
two portions of water and one portion of brine and dried over Na,SO,. After two purifications

by flash chromatography (50:50:0.5% Ethyl acete:Hexanes:AcOH), 45 mg of the product was
isolated (69%). "H NMR(400 MHz, CDCL,): 6, 1.47 (s, 9H), 2.83 (d, 4H, J=8.5 Hz), 3.46 (m,
2H), 4.88 (td, 1H, J=7.1, 4.3 Hz), 7.16 (q, 1H, J=6.4, 5.9 Hz), 7.38 (d, 1H, J=7.5 Hz), 7.46 (d,
1H, J=7.9 Hz), 7.62 (td, 1H, J=7.7, 1.9 Hz), 8.61 (d, 1H, J=4.8 Hz).

2,5-dioxopyrrolidin-1-yl 3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propanoate (16). This
compound was previously synthesized by Ede and co-workers, and the reported procedure was
followed.” A solution of beta-alanine (0.91 g,10.2 mmol) and maleic anhydride (1 g, 10.3 mmol)
was stirred in DMF (10 mL). After 2 h, the solution was cooled to 0 °C for 2 min and NHS (1.44
g, 12.5 mmol) and DCC (4.12 g, 20 mmol) were added. A white solid immediately precipitated,
and after 1 h it became difficult to stir the reaction. Another 15 mL of DMF was added and the
ice was removed after 5 min of reaction. The reaction was allowed to stir for 16 h and the white
solid DCU was filtered off. The filtrate was diluted in ~250 mL CH,Cl, and washed with 3x5%
NaHCO,, brine, and dried over Na,SO,. The organic solvent was removed under reduced pres-
sure yielding the desired product (95%). It was also possible to precipitate the product by adding
Et,O. 'H NMR(400 MHz, CDCL,): 6, 2.82 (s, 4H), 3.02 (t, 2H, J=7.0 Hz), 3.93 (t, 2H, J=7.0 Hz),
6.74 (s, 2H).

Typical MS2 modification with taxol maleimide 21. To a solution of N87C MS2 (5 nmol,

33 pL, 300 uM in phosphate buffer) was added 21 (25 nmol, 25 pL., 2 mM in pH 7.2 10 mM
phosphate buffer). The reaction mixture was incubated at RT for 1 h, followed by purification by
size exclusion chromatography (NAP-5). Longer reaction times and/or higher buffer pH led to
detectable degradation of both the starting maleimide and the taxol-MS2 conjugates. The use of
higher concentrations of protein, as well as more equivalents (20x) of 21, were able to increase
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the yield to almost 75%. However, this was typically avoided to maintain a workable volume of
protein solution, and to conserve 21. A control reaction was also run with wild type MS2, which
lacked the N87C mutation, to test the reactivity of the native cysteine residues in the presence of
21. No appreciable amounts of reaction product were observed using the conditions described
above demonstrating the low reactivity of the native cysteine residues.

Transmission Electron Microscopy. TEM grids were prepared by charging carbon-coated,
Formvar-supported copper mesh grids with argon plasma (40 mA at 0.1 mbar for 30 s) in a
Cressington 108 Auto Sputter Coater. Protein samples were prepared for TEM analysis by pipet-
ting 5 uL samples onto these grids and allowing them to equilibrate for 3 minutes. The samples
were then wicked with filter paper and rinsed with ddH,O. The grids were then exposed to 5 pL
of a 1% (w/v) aqueous solution of uranyl acetate for 90 s as a negative stain. After excess stain
was removed, the grid was allowed to dry in air.

General Procedure for Analysis of taxol-MS2 by Dot Blot. Taxol-MS2 was prepared using
the procedure described above. MS2 samples were denatured by making 1:1 solutions of 5 M
aqueous GnHCl and MS2 in 10 mM phosphate buffer. To small rectangles of dry nitrocellulose
membrane were applied 2 pl of 50 uM solutions of either wtMS2 or taxol-MS2. The membranes
were air-dried for approximately 30 min before being blocked overnight with 2% BSA in phos-
phate buffered saline (PBS). After the removal of the blocking buffer, the nitrocellulose mem-
branes were incubated with mouse anti-taxol IgG or rabbit anti-MS2 antibody (1:5000 dilution)
for 30 min in PBS/0.1% Tween containing 2% BSA. The membranes were then washed four
times (30 min each) with PBS/0.1% Tween. The membranes were then incubated with anti-
mouse or anti-rabbit-HRP antibodies (1:5000 -1:20,000 dilution) for 30 min in PBS/0.1% Tween
containing 2% BSA. The membranes were washed four times (30 min each) with PBS/0.1%
Tween before imaging.

Evaluation of Cytotoxicity. Cell culture was conducted using standard sterile technique. MCF-
7 cells were grown in Dulbecco’s Modified Eagle Media supplemented with 10% (v/v) fetal
bovine serum (FBS, HyClone), 1% non-essential amino acids, and 1% penicillin/streptomycin
(P/S, Sigma). Antiproliferative activities of N§7C MS2, taxol-MS2, and unconjugated taxol were
determined using the Alamar Blue cytotoxicity assay.'? Samples of 2.5 x 10° cells were added to
individual wells of a 96-well microtiter plate and incubated at 37 °C for 24 h in 160 pL of media.
Following this, 40 pL of sterile-filtered MS2-taxol (in PBS) was added to the cells. Concentra-
tions ranged from 1 x 10'°to 1 x 10 M, measured in terms of taxol (or in the equivalent con-
centration of unmodified MS2 monomer for the N87C control sample). The stock solutions were
prepared in equal volumes of PBS, and in the case of pure taxol, with <1% DMSO as co-solvent.
After 72 or 120 h of incubation in media at 37 °C, the media was removed via aspiration, and

a 5% Alamar Blue solution in 10% FBS in PBS was added. The plates were then incubated for

4 h, and the inhibition of cell proliferation was quantified by determining the fluorescence at
530ex/590em with a microplate reader (Molecular Devices, San Diego, CA). For each sample,
cell survival was calculated compared to untreated cells. Average cell survival values and stan-
dard deviations were calculated from six simultaneous replicate samples.

Determination of Capsid Thermal Stability After taxol Incorporation. A 2 pM sample of
MS?2 capsids that were 60% labeled with taxol-maleimide 21 was prepared in 10 mM phosphate
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buffer, pH 7.4. The particle volume distributions were determined using Dynamic Light Scatter-
ing (DLS) at 2 °C temperature increments, with 2 min sample equilibration at each time point.
Capsid instability (which resulted in aggregation) was observed at temperatures above 64 °C.

Determination of Capsid Stability Under Cell Culture Conditions. To verify that intact
capsids were the predominant form of MS2 that was present during the cell culture experiments,
N87C MS2 was labeled with Oregon Green maleimide dyes (Invitrogen) to allow facile detec-
tion in media samples. These samples were incubated for 6 days at 37 °C in PBS, 10% FBS in
PBS, and in media (all samples at pH 7.4). The amount of intact capsid was then measured using
SEC (PolySep 5k column, with assembled capsids eluting at 8 min using a 1 mL/min flow rate),
with tracking of the Oregon Green absorbance at 488 nm. For all samples, more than 80% of the
labeled MS2 capsids were recovered in the assembled state

Determination of taxol Release Kinetics. The quantitative determination of liberated taxol and/
or remaining taxol-MS2 conjugates was made difficult by (1) the presence of numerous serum
proteins in the FBS culture media and (2) the lack of a distinguishing UV signal for taxol itself.
To circumvent these issues, taxol release was measured by first purifying intact capsids from

the culture medium, and then by determining the percentage of capsid monomers still bearing
taxol groups using RP-HPLC. Taxol-MS2 samples were incubated at 37 °C for 5 days in 10%
FBS and aliquots were removed and analyzed every 24 h. Each sample was mixed with an equal
volume of saturated ammonium sulfate. This served to isolate the capsids from most other serum
proteins via precipitation of the capsids. The resulting suspension was centrifuged and the isolat-
ed pellet was resuspended in PBS (10 mM, pH 7.4). The resulting solution was next subjected to
SEC using a PolySep 5k column. Intact capsids eluted at approximately 8 minutes using a 1 mL/
min flow rate. The capsid-containing fractions were subjected to centrifugal ultrafiltration against
a 100 kDa cutoff filter to concentrate the samples. Finally, the isolated capsids were analyzed by
reversed-phase HPLC to separate MS2 monomers bearing and lacking taxol groups. The percent-
ages of protein monomers still bearing taxol were calculated from the chromatograms, based on
tryptophan fluorescence at 330 nm (280 nm excitation).
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Chapter 4: Active Targeting of MS2 capsids via exterior modi-
fication using an oxidative coupling bioconjugation reaction.

4.1 An oxidative coupling reaction for MS2 exterior modification.

Previous work in the Francis group had successfully attached short targeting peptides to the
exterior surface of MS2 using a sodium periodate mediated oxidative coupling reaction between
phenylene diamines and anilines (Figure 4-1a). This reaction had been developed for protein
bioconjugation purposes previously in our group by Jacob Hooker and demonstrated on a variety
of proteins, including GFP and lysozyme.' In these cases, anilines were chemically introduced
to the proteins of interest via lysine modification using NHS esters and isatoic anhydride, or via
native chemical ligation. Zac Carrico extended the use of this reaction to the exterior surface

of MS2 and applied the Schultz in vitro amber stop codon suppression technique to incorporate
aniline containing amino acids at position 19 of the MS2 capsid.? Using these T19pAF mutants,
Zac was able to attach several short peptides to the exterior of the MS2 capsid (Figure 4-1b).
These peptides had been selected for their putative targeting capabilities to a variety of cancer
markers. We therefore sought to integrate the drug delivery capabilities described in chapter
three with the targeting capabilities of peptide modified MS2 capsids.

o
HN’U\R
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‘z" + NalO, . %

M T
b

NalO,
pH6.5,1h
phenylene

diamine
aniline functionalized
functionalized targeting group

MS2
Figure 4-1. An oxidative coupling reaction. a) Reaction scheme for the
periodate-mediated aniline-phenylene diamine oxidative coupling. b) Applica-
tion of the oxidative coupling reaction to MS2 exterior surface modification.

4.2 Chemical modification of N8§7C MS2 capsids for aniline incorporation.

The capsid substrate necessary for dual modification requires the N87C mutation for internal
modification, as well as a pAF mutation to provide the aniline for exterior oxidative coupling
modification. While this double mutant (N87C pAF19 MS2) plasmid had been constructed,’
the combination of both mutations proved to decrease MS2 expression levels greatly and thus
limit subsequent capsid recovery. In order to circumvent this limitation, we chose to incorpo-
rate the external modification handle (an aniline) chemically, using various lysine modification
techniques. As noted in Chapter 1, the MS2 capsid contains several lysine residues, including
some on the interior surface, which would not be amenable to exterior modification by targeting
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Figure 4-2. Chemical incorporation of anilines to MS2 capsids. a) Compounds

1 and 2 for attempted chemical incoporation of anilines into MS2. b) Synthesis

of an azide-protected aniline-NHS ester. ¢) Modification of lysine residues using

the NHS ester of an aryl azide and subsequent TCEP reduction. d) Modifica-

tion of lysine residues using isatoic anhydride. e-g) LCMS analysis of aniline

bearing MS2 monomers via isatoic acid incorporation. The samples in e-g were

reacted for 1 h, 1 d, and 4 d, respectively.
groups. However, we relied on the fact that since our targeting molecule (a peptide) was fairly
large (>1700 g/mol), it would not be able to access the interior surface of the capsid.

We first tested several conventional methods for lysine modification in order to install the aniline
functionality on MS2 capsids. We first tried to modify the lysine resides using compound 1 (Fig-
ure 4-2a) and forming an NHS ester in sifu. Even at high equivalents of 1, low levels of modifi-
cation were observed, up to 30%. Next we tried to synthesize and isolate the aniline-containing
NHS-ester using DCC, and in organic solvent. However, the isolated product proved insoluble
in a variety of solvents. We next attempted to form the NHS-ester of the protected aniline, in the
form of a nitro group, in hopes of later performing a dithionite mediated reduction to access the
required aniline functionality. However, this product (2) also was found to be insoluble in DMF
or DMSO.

We ultimately were successful in isolating the NHS-ester of the aryl-azide protected aniline 4,
which we were able to dissolve in DMSO (Figure 4-2b). We were able to tune the conditions so
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that this molecule was able to modify MS2 to the +1 and +2 states. This reaction was followed
by subsequent reduction with TCEP. In parallel, we also were able to use commercially avail-
able isatoic anhydride to incorporate ortho substituted anilines, a technique previously utilized
by Jacob Hooker! for the chemical incorporation of anilines for the oxidative coupling reaction
(Figure 4-2d). This reaction proved to be much more convenient and reliable than the NHS-ester
reaction, incorporating up to 5 anilines per MS2 monomer, as shown by LCMS (Figure 4-2¢-g).

In general, both of these techniques are used in this chapter for the introduction of anilines on
N87C MS2 capsids.

4.3 p160 — A peptide for breast cancer cell targeting.

The targeting peptide that we chose to attach to MS2 capsids had been previously discovered

by the Schwab group at the University of Heidelberg using random peptide phage display and
shown to selectively bind to several breast cancer and neuroblastoma tumor cells.* The original
peptide of interest, named p160, is a 12-mer of the following sequence -VPWMEPAYQRFL - to
which we added a glycine residue at the C-terminus to maximize resin loading for SPPS (Figure
4-3). Previous work in the Francis group had attached this peptide along with 2 others to the
exterior of MS2 using an oxidative coupling reaction. We chose to test the p160 peptide further
because it was the only sequence without a disulfide bond present, as well as the only one tar-
geted to a breast cancer cell line. We followed our group’s previously reported procedure for the
solid-phase synthesis of the desired p160 peptide, as well as appending the required phenylene-
diamine functionality at the N-terminus.

a) b) 2
Peptide Synthesis - 10x HCTU, 10x 5 =
amino acids, 3x equiv of base per :.% N
coupling fi
10 min coupling, 5 min deprotec- £
tion, semiprep RPLC 0 5 10 15 20 25 30 35 40
[o) o C) min
HNJ\/\/“\H-VPWMEPAYQRFLG z 185517
2 1877.14
N_  Expected mass =1855.2 amu
r \| 1000 1400 1800 2200 2600 3000
Mass (m/z)

Figure 4-3. a) p160 peptide is synthesized using conventional Fmoc solid-phase peptide synthesis
techniques with the necessary phenylene diamine linker appended at the N-terminus. b) The peptide is
purified using RPLC. c) The large peak at 19 min was analyzed using MALDI-TOF MS, indicating the
desired mass for the p160 peptide.

In order to test the feasibility of constructing dual-modified capsids, we were able to obtain

a small amount of N87CpAF19 MS2 for initial modification and binding studies. The gen-

eral procedure for dual modification involved initial interior modification by an Oregon Green
maleimide and subsequent oxidative coupling with the phenylene-diamine modified peptides
(Figure 4-4a). The coupling product could then be analysed using SDS-PAGE to look for a gel
shift from the mass addition of the peptide. As shown in Figure 4-4b, lane A, in the presence of

48



a) phenylene
= diamine
functionalized
p160 peptide

Oregon Green NalO,, pH 6.5, T h

N87C pAF19 maleimide
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b) Figure 4-4. a) Scheme for the dual surface modifaction of N87C

pAF19 MS2 capsids. The interior is modified first with Oregon
Green maleimide, followed by exterior modification of the pAF
residue with p160 targeting peptides. b) The resulting dual conju-
gates were analyzed by SDS-PAGE. Lane A clearly showed a gel
shift corresponding to the addition of the peptide to approximately
40% of the MS2 monomers. In addition, the attached Oregon Green
dye can be visualized via fluorescent imaging of the gel. Lane B
has Oregon Green present, but has no NalO, present in the reaction,
and therefore no peptide addition.

NalO,, two bands were visible. The lower band corresponded to unmodified MS2 and the higher
band corresponded to MS2 monomer/peptide conjugates. Without periodate, no peptide mass
addition was observed, and a trace amount of MS2 dimerization was observable only in the fluo-
rescence channel. In addition, exposing N87C MS2 without the exterior pAF mutation resulted

1n no observable modification.

Due to the difficulty in purifying appreciable amounts of the N§7CpAF19 MS2 capsids however,
we also sought to perform the same dual modification (Oregon Green interior/p160 peptide exte-
rior) using N87C MS2 and chemically incorporated anilines (Figure 4-5a). For this process, we
again first modified N87C MS2 using Oregon Green maleimide. After this cargo loading step,
we then exposed the OG-MS2 to isatoic anhydride overnight and purified the modified capsids.
These aniline bearing capsids were then reacted with p160-phenylene diamine and NalO,. To
our surprise, our initial experiments showed only the presence of the MS2 dimer (Figure 4-5b
lane A). Upon further investigation, it was suggested that trace glycerine present in the purifica-
tion steps (NAPS and spin concentration) could quench the periodate oxidant. Experiments with

0 NH,

NH,
a) fo) phenylene

diamine

o functionalized
INI /go p160 peptide
— — " \ NalO,, pH 6.5, 1h

Oregon Green
N87C MS2  maleimide
Figure 4-5. a) Scheme for the synthesis of dual modified MS2
capsids using N87C MS2. After Oregon Green addition, lysine
residues were chemically converted to anilines using isatoic anhydride.

b)

MS2- o . L
. The revealed anilines were then reacted with the phenylene diamine
MS2 peptide . . . .
monomer conjugates functionalized peptide and NalO,. b) The dual conjugates were

analyzed by SDS-PAGE and imaged fluorescently. Lane A showed a
high gel shift corresponding to MS2 dimers. After more rigorous
purification, lanes B and C revealed the addition of peptide to the MS2
monomers. Multiple additions were observed in lane C due to multiple
isatoic anhydride additions.

ladder
ladder
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both unpurified OG-isatoic anhydride MS2 and purification using pre-rinsed spin concentrators
successfully resulted in peptide addition to the MS2 capsids. In addition, due to the heteroge-
neous nature of isatoic anhydride mediated aniline incorporation, multiple additions of peptide
were observed per MS2 monomer via SDS-PAGE, with higher levels of modification when
OG-IA-MS2 had been purified and concentrated using pre-rinsed spin concentrators (Figure 4-5b
lane C).

We next used fluorescence microscopy to assess the targeting capabilities of p160-decorated cap-
sids to breast cancer cells. However, binding experiments on both MCF-7 and MDA-MB-435
breast cancer cell lines showed little binding and no uptake of the modified capsids. In fact, in
the case of MCF-7 cells, the results were in sharp contrast to those of untargeted MS2 capsids
which exhibited moderate levels of nonspecific binding and internalization to this cell line. In
trying to decipher the behaviour of this peptide, we found that there was little literature charac-
terization of the peptide’s mechanism of association to cancer cells, although it was speculated
that there is a tumor receptor interaction involved. The cell line also proved difficult to culture
and recent research has also indicated that the MDA-MB-435 cell line may actually not be a
breast cancer cell line, and in fact is contaminated with a M14 melanoma line.” In combination
with our observations of the lack of binding to the cell line in question, these factors led us to
pursue alternative targeting moieties.

4.4 DNA Aptamer targeting of MS2.

Concurrent work in the Francis group had focused on the attachment of DNA aptamers to the
exterior of MS2 capsids using the same aniline/phenylene diamine. DNA aptamers are short
DNA sequences that have been selected and commonly evolved to bind certain desired targets
with selectively and with high affinity, including overexpressed receptors on cancer cells. Gary
Tong was able to use a DNA aptamer developed by the Tan group against certain T-cells and

functionalize an amine-derivatized version with the phenylene diamine functionality required
o O o o

2) AKX

0 4 "NH As-1411/\HMLNH
AS-14117"NH, +0§<i7¢0 © pH 8, 2h, 1t
—_—
5 N

b)

AS-1411"NH, +

<)
AS1411-NH,: H.N-3’-TTTTTTTTTGGTGGTGGTGGTTGTGGTGGTGGTGG-5’
Scramble-NH,: HN-3’-TTTTTTTTTGGTGGGTTGGGTTTGGGGTTGGGGTG-5’
Random-NH,: HN-3’-TTTTTTTTTACATAGTCGTAGACTACGATGTCGCC-5’

Figure 4-6. Scheme for AS1411 aptamer modification. a) Amine-DNA was
functionalized at the 3’ end using a phenlyene diamine NHS-ester for further
oxidative coupling. b) Fluorescent aptamer was synthesized similarly using Oregon
Green NHS-ester.
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for the oxidative coupling reaction®. He was then able to attach up to 100 copies of the 20-mer
aptamer to the exterior of MS2 capsids. These targeted capsids showed selective binding to the
expected cell lines and were observed to internalize via LDL-associated endocytosis pathways.
In subsequent work, aptamer-targeted capsids that had been loaded with light-reactive porphyrins
were able to produce singlet oxygen and selectively effect cytotoxicity on the targeted immune
cell line.?

Because of these promising targeting capabilities by aptamer functionalized MS2 capsids, we
sought to attach an aptamer that would target solid tumors such as breast cancer. The first ap-
tamer we tested is called AS1411, a G-rich oligeonucleotide that was at the time in preliminary
phase II clinical trials for the treatment of acute myeloid leukemia.” AS1411 had been initially
discoevered during a screen of G-rich oligonucleotides. These GROs exhibit several beneficial
qualities for biomedical purposes, including the tendency to form stable G-quadraplex structures
that may increase binding affinity and specifity, as well as protect the aptamer from nuclease
degradation. Other studies had shown elevated binding of AS1411 to MCF-7 breast cancer cell
lines and low binding to a negative control (MCF-10A) breast cell line. Notably, this aptamer
was shown to bind nucleolin, a nucleolar protein known to bind bcl-2 mRNA that is implicated
in cancer apoptotic pathways, and not to cause hybridization based effects. It was suggested that
aptamer binding to nucleolin would thus decrease bcl-2 mRNA stability, resulting in an apoptotic
cascade resulting in cell death.®

Using the same oxidative coupling strategy as with the above p160 peptide, we sought to at-
tach the AS1411 targeting aptamer to the exterior of MS2 capsids. The apatamer was purchased
as the 3’terminal amine along with a 10 nucleic acid thymidine spacer. Amine-DNA was de-
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Figure 4-7. a) Aptamer functionalized fluorescent MS2 capsids were synthesized from N87C MS2 in an analagous
fashion to peptide-functionalized capsids. b) MS2-aptamer conjugates were analyzed using SDS-PAGE. Lane A
shows fluorescent aptamer-DNA conjugates, lane B shows isatoic anhydride functionalized MS2 after exposure to
periodate, and lane C shows only isatoic anhydride functionalized MS2. ¢) Binding of Oregon Green modified
AS1411 aptamers (green) to MCF7 cells was observed using fluorescence microscopy. Cell nuclei were stained with
DAPI (blue). d) AS1411-MS2 conjugates (green) and Alexa Fluor 647 labelled transferrin (red) were incubated with
MCF7 cells and observed by fluorescence microscopy.
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rivatized as previously demonstrated, a 2 h incubation with the phenylene diamine NHS-ester

5 (Figure 4-6a). In addition to the AS1411 sequence, a scrambled and random sequence were
also tested (Figure 4-6¢). To examine the binding of the aptamer alone, we also labelled the free
amine with an Oregon Green NHS-ester (Figure 4-6b).

Next, we again prepared Oregon Green labelled MS2 capsids with isatoic anhydride incorporated
anilines on the exterior surface for dual modification with phenylene diamine AS1411 (Figure
4-7a). The functionalized aptamer and capsids were incubated with 10 mM NalO, for 1 h at
neutral pH to allow the oxidative coupling reaction to occur. Reactions were analyzed by SDS-
PAGE, looking for the corresponding gel shift (Figure 4-7b). However, the MS2 dimer band
(lane B) that appears in capsids with IA-incorporated anilines that have been exposed to NalO,
proved to be problematic due to a similar gel shift to the putative aptamer-MS2 conjugates. One
notable difference was the appearance of a possible second addition band above the +1 modifica-
tion shift. In addition, a large gain in 260 absorbance observed in the aptamer-modified capsids
indicated that the DNA strand was indeed attached.

We first attempted to assess aptamer binding using fluorescence microscopy. Studies on MCF7
cells and OG labeled aptamer alone showed slight possible uptake after 1 h incubation. We next
incubated MCF7 cells with the AS1411-MS2 conjugates as well as AF647 labelled Transferrin
(Tf) to investigate the uptake pathway of the aptamer. What we observed was cellular associa-
tion of the aptamer-MS2 conjugates, but no colocalization with Tf. Microscopy studies on the
negative cell line were difficult to evaluate quantitatively, so we next turned to flow cytometry

to analyze the binding of the aptamer and aptamer-MS2 conjugates to cancer cell lines (Fig-

ure 4-8). Both the AS1411 aptamer and the scrambled version on MS2 capsids showed similar
levels of elevated binding. The random sequence on MS2 shows intermediate binding, and MS2
with no aptamer showed lower levels of intermediate binding. Interestingly, the aptamer itself
(not on MS2) showed this same level of lower binding. In comparison, on the negative cell line
(MCF10A), all the MS2 samples showed similar levels of elevated binding, whereas the aptamer
alone showed similar, lower levels of binding. Overall, there seemed to be high levels of non-
specific binding by the aptamers tested on the MCF7 and MCF10A cell lines. Additionally, there
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Figure 4-8. a) Various fluorescently labeled MS2 capsids were incubated with MCF7 cell lines and
analyzed by flow cytometry. The overlay histogram shows the relative levels of agent binding to the cells.
The blue trace corresponds to cell autofluorescence. MS2 capsids were labeled on the interior first with
Oregon Green maleimide. The AS1411, scrambled, or random aptamers were then attached to the exterior.
The orange trace corresponds to fluorescently labeled apatamer alone (no capsid). b) The same samples
were incubated with MCF10A cells, to which the AS1411 aptamer reportedly does not bind.

52



was little differential binding between the positive and negative cell lines. Lastly, the control cell
line MCF10A proved to be particularly difficult to culture due to cell clumping and high non-spe-
cific binding. For these above reasons, we decided to pursue an alternative aptamer for targeting.

The second aptamer we tested was targeted against Mucin 1, a cell surface protein that has par-
ticularly high glycosylation patterns and has been shown to be overexpressed in several cancers.
An aptamer against the MUCT protein was evolved and identified using the SELEX process in
2006 by Missailidis and coworkers’ and shown to bind, by flow cytometry, to breast cancer cell
lines such as MCF7 and T47D. In addition, the negative cell line utilized were CHO cells. The
SELEX process was carried out on the protein core of

MUCI1 because it has been shown that upon overexpres- Cells| Sample |MFI
sion of MUCI in cancerous cells, aberrant glycosyl- NoMS2 | 43
ation patterns are observed, exposing the protein core. muci-ms2 | 17

Since all the tested cell lines were readily available and MErT Random-Ms2 | 209
proved to be well-behaved and fairly simple to culture, M2 | 356
we chose to attach the MUC]1 apatamer to the exterior NoMS2 | 23
of MS2 capsids. Utilizing the same process as with the MUCL-MS2 | 19.5
above NCL aptamer, we attached several copies of the CcHO Random-MS2 | 25.8
MUCI aptamer to intact MS2 capsids that were loaded MS 66.6
with an AlexaFluor 488 dye. The binding of targeted

capsids to MCF7, T47D, and CHO cells was measured Figure 4-9. Tabulated mean

ino fl Analvsis sh d P fluorescence intensity values (MFI)
using flow cytometry. Analysis showed no preferen- from flow cytometry analysis of

tial binding of the targeted capsids in comparison to a MUC] aptamer -MS2 conjugate
randomized DNA aptamer and unmodified MS2, and in binding to MCF7 and CHO cell lines.

fact, the highest binding was observed with unmodified

capsids (Figure 4-9). Both the MUCI1 and control aptam-

ers also showed low levels of background binding. As we were troubleshooting these issues,

we found a recent paper by the Ellington group that corroborated our observations of a lack of
selective binding by this specific MUCI1 aptamer, which they attributed to significant background
binding:'°

“The significant background binding exhibited by aptamers may also account for the apparent se-
lection of an anti-MUCT aptamer that does not appear to bind specifically to its target cell line.”

With this shared observation, we thus chose to try alternative targeting strategies. Aptamers still
hold high potential due to their unique binding capabilities and the power of the SELEX process.
In fact, the original scg8c aptamer that our group attached to MS2 not only has shown selective
binding to its targeted immune cells, but our own experiements have shown that this aptamer
may also selectively bind to certain breast cancer cell lines. However, the binding of aptamers in
vitro is subject to the binding conditions. Another practical consideration is that while function-
alized medium-length aptamers are readily available commercially, the quantity and cost make
them not amenable to large scale experimentation.
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4.5 Attachment of Affibodies to MS2 capsids.

The next class of targeting groups we investigated were several engineered protein scaffolds
that have been in development as next generation antibody therapeutics. Protein-based targeting
groups provide the advantage of being able to be expressed in-house and allow for genetic-level
manipulation to test various sequences. The main problem with using a protein-based targeting
group is the difficulty of protein-protein bioconjugation (since the MS2 capsid is a protein as
well). Using traditional bioconjugation reactions, it is typically a challenge to achieve well-de-
fined bioconjugates between two proteins because both proteins share the same side chain func-
tionalities, and any introduced small molecule linker will tend to react with both proteins on both
ends of the linker. However, in our case, if we are able to introduce the unique functionalities
of aniline and phenylene diamine in the proteins first, we can use our group’s oxidative coupling
strategy to construct precise bionconjugates.
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Figure 4-10. C-terminal cysteine modification of an a-HER2 affibody (H2A)
with a) Oregon Green maleimide and b) a maleimide functionalized phenylene
diamine. c) The affibody was modified with 7 to increase solubility of the protein
as well as provide more space.

Of the many possible scaffolds to pursue, we first focused on the smallest class, which are called
affibodies."" Affibodies are a 58 amino acid protein that is derived from a domain of Protein A, a
bacterial binding domain that is best known for binding to the Fc region of human IgG. The spe-
cific affibody we chose has been evolved using phage display against the HER2 receptor, and has

54



a K, of 22 pM and negligible binding to the related EGF receptor.'> We chose this class because
of their small size (~7-8 kDa) and lack of cysteine residues, which would allow us to engineer in
a unique cysteine for elaboration as the phenylene diamine functionality necessary for the oxida-
tive coupling. The lack of cysteines also meant that there were no disulfide bonds that would
need to be formed and that in general, the folding of the affibody upon recombinant expression
would not be problematic.

We elaborated the original HER2 binding sequence with a C-terminal glycine spacer, His, tag
for affinity purification, and terminal cysteine residue. We later also appended a glycine residue
to the N-terminus upon observation of incomplete Met cleavage with the original valine N-ter-
minus. The affibody was expressed in E. coli and purified on Ni-NTA agarose under denaturing
conditions, giving unoptimized yields of >50 mg/L. However, upon removal of denaturing urea
by NAP desalting columns, the pure protein precipitated in the neutral elution buffer. Acidifica-
tion to pH 6.5 allowed the protein to remain soluble at ~500 uM at room temperature. Storage
for appreciable amounts of time indicated disulfide bond formation as well as various degrada-
tion truncations.

We first tested the binding capabilities of the affibody alone. First, the affibody was exposed to
TCEP to reduce the slowly forming disulfide dimers, and then exposed to Oregon Green ma-
leimide (Figure 4-10a). The fluorescently labeled affibody showed elevated binding to HER2
positive SKBR3 cells and much lower binding to HER 2 negative PC3 cells by flow cytometry
(Figure 4-11). With this binding capability known, we next attempted to attach the affibody to

the exterior of MS2 capsids.
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Figure 4-11. Flow cytometry analysis
of H2A binding to HER2 (+) (SKBR3)
and HER?2 (-) (PC3) cell lines.

Since we chose to use cysteine modification to introduce the phenylene diamine functionality
onto the affibody, we needed a maleimide functionalized small molecule. Modification of the af-
fibody with 6 followed the protocol for modification with Oregon Green to access phenylene di-
amine functionalized affibodies (Figure 4-10b). Following the same strategy, we were also able
to use PEG-based small molecule linkers (7- Figure 4-10c¢) to increase the space between protein
and pheylene diamine reaction site. With this reactive targeting partner in hand, we next carried
out the oxidative coupling with pAF19 MS2 using standard reaction conditions and analyzed the
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Figure 4-12. a) pAF19 MS2 capsids were
reacted with phenylene diamine functional-
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MS2-affibody conjugates. b) The oxidative
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modification using SDS-PAGE (Figure 4-12b). Unfortunately, despite the low concentration of
affibody, the resulting MS2-affibody conjugates were not soluble at neutral pH. While soluble at
lower pH, they were not retained by a 100 kDa spin concentrator, indicating capsid disassembly.

The inability to spin concentrate these structures also made it difficult to analyze them by SDS-
PAGE due to the low reaction concentrations.

To investigate whether the bioconjugation reaction was occurring before precipitate formation,
we decided to modify fluorescently labelled MS2 capsids with chemically incorporated exterior

O NH,

NH,
a) o phenylene
diamine
o ° o o functionalized
o Y N’go affibody
H »
— —_— NalO,, pH7.2,1h
Oregon Green +

N87C MS2  maleimide

Figure 4-13. a) Oregon Green labeled MS2 capsids with chemically
introduced anilines were modified with phenylene diamine functionalized
affibodies. b) The samples were analyzed using SDS-PAGE without any
purification. In lane I, the oxidative coupling was run at neutral pH and the
resulting fluorescent precipitate was dissolved in upon lowering of pH. In
lane 2, the reaction was run at pH 4.5. Lane 3 shows the reaction of
aniline-MS2 with NalO,, resulting in MS2 dimerization. Due to the lack of
purifaction, excess affibody was visible in the Coomassie-stained gel.
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anilines (Figure 4-13a). Oregon labelled MS2 capsids were reacted with affibodies under oxida-
tive coupling conditions and analysed by SDS-PAGE without purification, using gels with larger
loading wells. The reaction at neutral conditions again formed a precipitate upon reaction. The
fluorescence in the sample was completely found in the precipitate, indicating that oxidative
coupling had indeed occurred since the fluorescent capsids were now precipitating along with
the insoluble affibody. To confirm, we acidified the sample and loaded it on an SDS-PAGE gel
(Figure 4-13b, lane 1). Due to the fluorescent capsid reporter, we could now observe the MS2-
affibody gel shift by fluorescence visualization, as well as the formation of MS2 dimers. Due to
the excess affibody in the reaction, the Coomassie stained gel proved less valuable for observing
MS2 modification, though it did confirm the presence of protein in the sample. Similar modifica-
tion levels were observed at pH 4.5 (lane 2), but precipitate again formed upon spin concentra-
tion.

Various mutants of the HER2 affibody were made to alleviate the solubility issues. Various
amino acid additions and substitutions were tried, as well as the synthesis of a PEG-based ma-
leimide linker, but none of these affibody variants gave soluble conjugates. Notably, the deletion
of the His, tag rendered the affibody completely insoluble regardless of buffer pH. Due to these
solubility problems, we therefore turned our attention to alternative protein targeting groups,
which will be detailed in Chapter 5.

4.6 Materials and methods.

General Procedures and Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and used without
further purification. Analytical thin layer chromatography (TLC) was performed on EM Re-
agent 0.25 mm silica gel 60-F,,, plates with visualization by ultraviolet (UV) irradiation at 254
nm and/or staining with potassium permanganate. Purifications by flash chromatography were
performed using EM silica gel 60 (230-400 mesh). The eluting system for each purification

was determined by TLC analysis. Chromatography solvents were used without distillation. All
organic solvents were removed under reduced pressure using a rotary evaporator. Water (ddH,O)
used in biological procedures or as a reaction solvent was deionized using a NANOpure™ purifi-
cation system (Barnstead, USA) purchased from Aldrich. Solid phase extraction (SPE) columns
were purchased from Phenomenex, Inc. (www.phenomenex.com) and used as specified, unless
otherwise noted. All Fmoc-protected amino acids and preloaded Wang resin were obtained from
Novabiochem (EMD, Germany). All cell culture reagents were obtained from Gibco/Invitrogen
Corp (Carlsbad, CA) unless otherwise noted. Molecular biology reagents and competent cells
were purchased from Qiagen, Invitrogen and New England Biolabs. Protein expression reagents
were obtained from Invitrogen and protein purification reagents and materials from Biorad and

Qiagen.

Instrumentation and Sample Analysis Preparations

NMR. 'H and "C spectra were measured with a Bruker AV-500 (500 MHz), or a Bruker DRX-
500 (500 MHz) spectrometer, as noted. 'H NMR chemical shifts are reported as d in units
of parts per million (ppm) relative to CDCI, (3 7.26, singlet), or methanol-d, (3 3.31, pentet).
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Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), or m (multiplet). Cou-
pling constants are reported as a J value in Hertz (Hz). The number of protons (n) for a given
resonance is indicated as nH, and is based on spectral integration values. *C NMR chemical
shifts are reported as 6 in units of parts per million (ppm) relative to CDCI, (8 77.2, triplet), or
methanol-d, (6 49.00, septet).

Mass Spectrometry. High resolution Electrospray (ESI) and Fast Atom Bombardment (FAB")
mass spectra were obtained at the UC Berkeley Mass Spectrometry Facility. Electrospray LC/
MS analysis was performed using an API 150EX system (Applied Biosystems, USA) equipped
with a Turbospray source and an Agilent 1100 series LC pump. Protein chromatography was
performed using either a Phenomenex Jupiter™ 300 5u C5 300 A reversed-phase column (2.0
mm x 150 mm), Phenomenex Jupiter™ 300 5u C18 300 A reversed-phase column (2.0 mm x 150
mm), or Dionex Proswift RP-4H reversed phase column (Imm x 50 mm) with a MeCN:ddH,O
gradient mobile phase containing 0.1% formic acid (250 uL/min). Protein mass reconstruction
was performed on the charge ladder with Analyst software (version 1.3.1, Applied Biosystems).
MALDI-TOF analysis was performed on a Voyager-DE instrument (Applied Biosystems), and
all spectra were analyzed using Data Explorer software. The matrix solution was a 10 mg/mL
solution of sinapic acid in in 50% acetonitrile, 50% water, 0.1 % TFA.

High Perfomance Liquid Chromatography. HPLC was performed on an Agilent 1100 Series
HPLC System (Agilent Technologies, USA). Size exclusion chromatography was accomplished
on an Agilent Zorbax® GF-250 with isocratic (0.5 mL/min) flow or a Phenomenex PolySep-GFC-
P 5000 (PS5K) column (300 x 7.8 mm, flow rate 1.0 mL/min) or a Phenomenex BioSEP-4000
(BS4K) column (300 x 7.8 mm, flow rate, 1.0 mL/min) using an aqueous mobile phase (10 mM
Na HPO,, pH 7.2) . Reversed-phase liquid chromatography on protein samples was accom-
plished on a Agilent Poroshell 300 SB-C18 column (2.1 x 75 mm) using a MeCN:ddH, O gradi-
ent mobile phase containing 0.1% trifluoroacetic acid. Semi-preparatory scale purification was
performed using a Agilent Zorbax 300 SB-C18 column (9.4 mm x 25 cm). Sample analysis for
all HPLC experiments was achieved with an inline diode array detector (DAD) and an inline
fluorescence detector (FLD).

Gel Analyses. Sodium dodecyl sulfate-poly(acrylamide) gel electrophoresis (SDS-PAGE) was
accomplished on a Mini-Protean apparatus from Bio-Rad (Hercules, CA) with 10-20% gradient
polyacrylamide gels (BioRad, CA), following the protocol of Laemmli."* All electrophoresis
protein samples were mixed with SDS loading buffer in the presence of dithiothreitol (DTT) and
heated to 100 °C for 10 min to ensure reduction of disulfide bonds and complete denaturation un-
less otherwise noted. Commercially available molecular mass markers (Bio-Rad) were applied
to at least one lane of each gel for calculation of the apparent molecular masses. Gel imaging was
performed on an EpiChem3 Darkroom system (UVP, USA).

Centrifugations were conducted with an Allegra 64R Tabletop Centrifuge (Beckman Coulter,
Inc., USA). General desalting and removal of other small molecules of biological samples were
achieved using NAP-5 gel filtration columns (GE Healthcare). Protein samples were concen-
trated by way of centrifugal ultrafiltration using Amicon Ultra-4 or Ultra-15 100 kDa molecular
weight cut off (MWCO) centrifugal filter units (Millipore), or Amicon Microcon 10 kDa and 100
kDa MWCO (Millipore) centrifugal filter units.
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Experimental Procedures

N87C MS2 production.

The pPBAD-MS2 plasmid and protein expression has been previously reported.? The pBAD-MS2-
N87C mutant was made by site-directed mutagenesis of the pPBAD-MS2 plasmid. Position 87
was converted to a cysteine using the following forward and reverse primers:

Forward: 5’~AGCCGCATGGCGTTCGTACTTATGTATGGAACTAACCATTC-3’
Reverse: S>-GAATGGTTAGTTCCATACATAAGTACGAACGCCATGCGGCT-3’

Growth and purification of MS2-N87C was identical to that of wtMS2. Yields are slightly less
than the 100 mg/L reported for wtMS2.

pAF19 MS2 and N87C pAF19 MS2 used in this chapter were expressed and purified by Nick
Stephanopolous.

Affibody production. The gene for the HER2 affibody was purchased from Genscript and
received in a pUCS7 plasmid with ampicillin resistance, flanked by Ndel and BamHI restriction
sites as shown below. The restriction sites are highlighted in red.

TAA GAA GGA GAT ATA CAT ATG GTG GAT AAT AAA TTC AAT AAA GAA
End Glu Gly Asp Ile His Met val Asp Asn Lys Phe Asn Lys Glu
ATG CGT AAT GCC TAC TGG GAA ATC GCC CTG CTG CCG AAC CTG AAT
Met Arg Asn Ala Tyr Trp Glu Ile Ala Leu Leu Pro Asn Leu Asn
AAT CAA CAG AAA CGT GCT TTT ATT CGT AGT CTG TAT GAT GAC CCG
Asn Gln GIn Lys Arg Ala Phe Ile Arg Ser Leu Tyr Asp Asp Pro
AGC CAG TCT GCC AAC CTG CTG GCG GAA GCC AAA AAA CTG AAT GAT
Ser GIn Ser Ala Asn Leu Leu Ala Glu Ala Lys Lys Leu Asn Asp
GCA CAA GCT CCG AAA GGC GGC GGC GAA AAT CTG TAC TTC CAG GGT
Ala Gln Ala Pro Lys Gly Gly Gly Glu Asn Leu Tyr Phe Gln Gly
CAC CAC CAT CAT CAT CAC TGT TGA TAA GGA TCC GAA TTC GAG CTC
His His His His His His Cys End End Gly Ser Glu Phe Glu Leu

CGT CGA
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Arg Arg
The desired gene was PCR amplified using the following primers.
Forward PCR- GGTGGTGGTCATATGGTGGATAATAAATTC-her2 aff forward

Rev PCR- GGTGGTGGTGGATCCTTATCAAC-her2 aff reverse

All cells used for affibody cloning were under ampicillin antibiotic control and grown in sterile
LB with 100 mg/L ampicillin or LB-agar-amp plates. The PCR-amplified genes and a pET-20b
plasmid were digested using Ndel and BamHI restriction enzymes, the digested plasmid exposed
to Antarctic phosphatase, and the desired gene ligated into the digested plasmid using T4 DNA
ligase. The ligation mixture was transformed into XL 1Blue chemically competent cells and
colonies grown. Four colonies were sequenced with a 50% transformation success rate. The
mini-prepped DNA was used to transform chemically competent BL21(DE3) cells. The suc-
cessfully transformed colonies were used to grow 5 mL overnight starter cultures in sterile LB.
One starter culture was added to 1 L sterile LB with 100 mg/L solid ampicillin and cultures were
grown for 4.5 h and allowed to reach log phase growth (OD, ,=0.7). Upon reaching log-phase
growth, protein expression was induced using 0.6 mM IPTG. The protein was expressed for 3

h and then the cells centrifuged and pelleted. Cell pellets were centrifuged and frozen in 0.5 L
aliquots at -80 °C.

Affibody purification. Affibody cell pellets were purified according to the procedure outlined
in the following reference for purification under denaturing conditions.' Buffer composition is
described in the above reference. A cell pellet was thawed and suspended in 20 mL lysis buffer
containing 8 M urea. After thawed, the pellet was shaken for 60 min at rt and then the remain-
ing cell debris pelleted. The supernatant was isolated and to it was added 4 mL 50% Ni-NTA
agarose (Qiagen). The slurry was allowed to spin on a rotary shaker for 1 h at 4 °C. The agarose
with protein bound was washed with 3x 10 mL portions of pH 6.3 wash buffer containing 8 M
urea. The purified protein was then eluted using 10 mL elution buffer at pH 4.5 and 8 M urea.
The eluent was concentrated using 100 kDa MWCO spin concentrators and urea removed using
NAP-25 gel filtration columns.

3-(4-azidophenyl)propanoic acid (3). The synthesis of 3 closely followed the procedure of
Carnazzi and coworkers.” A solution of 1 M NaNO, (6.67 mL, 1.1 eq.) was slowly added to a
solution of 1 (1 g, 6 mmol, 1 eq.) in 2 M HCl for 15 min at 0 °C. A solution of 1 M NaN, (1.05
eq) was added, resulting in vigorous bubbling. After 10 min, ethyl acetate was added and the
bubbles dissipated. The reaction was diluted with water and extracted with 3 portions of ethyl
acetate. The combined organics were washed with water and brine, dried over Na,SO,, and the
solvent removed under reduced pressure to yield a solid product that was used without further
purification (58%). 'H NMR(500 MHz, CDCL,): 6, 2.66 (t, 2H, J=7.5 Hz), 2.93 (t, 2H, J=7.5
Hz), 6.96 (d, 2H, J=8 Hz), 7.20 (d, 2H, J=8 Hz).

2,5-dioxopyrrolidin-1-yl 3-(4-azidophenyl)propanoate (4). A solution of 3 (100 mg, 0.52
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mmol), HCTU (226 mg, 1.05 eq.), NHS (65.8 mg, 1.1 eq.), and DIPEA (181 pL, 2 eq.) in 5.2
mL of CH,CL, (0.1 M reaction) was stirred for 10 min. The HCTU and DIPEA were the last two
reagents added, and portions of the HCTU remained insoluble. The reaction was monitored by
TLC and no starting material remained after 10 min. The solvent was removed under reduced
pressure and the residue resuspended in ~ 1 mL of CH,Cl,. The crude material was purified us-
ing flash chromatography (25:72 -1:1 ethyl acetate:hexanes), yielding a pale yellow solid (87 %).
'H NMR(500 MHz, CDCl,): 8, 2.84 (s, 4H), 2.90 (t, 2H, J=7.5 Hz), 3.04 (t, 2H, J=7.5 Hz), 6.98
(d, 2H, J=7.5 Hz), 7.22 (d, 2H, J=7.5 Hz).

Peptide synthesis

Peptides were synthesized using standard Fmoc-based chemistry and adapted from procedures
by Zac Carrico, Dante Romanini, and Leah Witus.!'® Side chain protecting groups used were:
Asn(Trt), Asp(tBu), Arg(Pbf), Cys(Trt), GIn(Trt), Glu(tBu), His(Trt), Lys(Boc), Ser(tBu),
Thr(tBu), Trp(Boc), Tyr(tBu). The resin linkers used was benzyloxybenzyl alcohol (Wang)
polystyrene. Synthesis was accomplished manually, using 10 equivalents of amino acid in di-
methylformamide with (2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexa-
fluorophosphate) (HCTU) (10 eq) as the coupling reagent N,N-diisopropylethylamine (DIPEA)
(20 eq) as additives for 10 min. Iterative Fmoc deprotection and amino acid coupling steps were
performed to synthesize the desired sequence. After each coupling, the general procedure for
rinsing excess reagents away from the resin was performed, which was to drain the solution from
the resin, add approximately 10 mL DMF, shake briefly, drain, and repeat for a total of 5 rinses.
The general rinsing protocol was performed after each of the deprotection and coupling steps.

The Fmoc deprotection was accomplished by incubation (with rotation on a LabQuake shaker)
with 10 mL of Fmoc deprotection solution (20% by volume piperidine in DMF) for 5 minutes
followed by replacement of the deprotection solution and a second 2.5 min incubation. If a par-
ticular amino acid was used more than once in a peptide sequence, a stock solution was made in
DMF and aliquots were added for each coupling.

Addition of phenylene-diamine

Once all of the amino acids had been coupled to the growing peptide on resin, the N-terminal
Fmoc group was removed with 20% piperidine in DMF. After washing, the resin was suspended
in DMF and one thawed aliquot of NHS-ester 8 (1.66 eq) in DMSO was added. The resin was
incubated with gentle shaking for 3 h and washed thoroughly. The peptide was then cleaved from
the resin using a cocktail of 94% trifluoroacetic acid, 5% H,O, and 1% triisopropylsilane. Crude
peptides were precipitated in cold fert-butylmethylether, purified using preparative reversed-
phase HPLC, and lyophilized before use.

Typical MS2 modification with Oregon Green maleimide. To a solution of N§7C MS2, or
N8&87C pAF19 MS2 (100 nmol, 200 pL, 500 uM in 100 mM pH 7.2 phosphate buffer) was added
Oregon Green maleimide (200 nmol, 10 pL, 20 mM in DMSO). The reaction mixture was incu-
bated at RT for 1 h, followed by purification by size exclusion chromatography (NAP-5) and sev-
eral spin concentration cycles until the flow-through was colorless. Longer reaction times and/
or higher buffer pH led to detectable double modification. Dye-labeled MS2 monomers were
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characterized using LC-MS and the expected mass addition was observed.

Typical modification of Oregon Green MS2 with isatoic anhydride. To a solution of Oregon
Green modified N87C MS2 (75 nmol) in 100 mM pH 8 phosphate buffer was added isatoic an-
hydride (100 eq., 75 pL of a 0.1 M solution in DMF) and enough buffer to reach 100 uM MS2.
The reaction was allowed to proceed for 3-72 h, after which excess isatoic anhydride waspurified
away by NAP-10 gel filtration and successive spin concentration against 100 kDa MWCO spin
concentrators.

Typical procedure for the modification of amine-containing aptamers. To a solution of
amine-functionalized DNA (150 nmol) in 100 mM pH 8 phospate buffer and 150 mM NaCl was
added S (15 pmol, 60 pL of a 0.25 M solution in DMSO) and enough buffer to reach 100 uM
DNA final concentration. The reaction was allowed to proceed for 2 h and then purified by 3
successive NAP gel filtration columns. The eluted fractions were then lyophilized and resus-
pended in buffer.

Typical procedure for the modification of an affibody cysteine with maleimide reagents. To
a solution of affibody (250 nmol) in 100 mM pH 4.5 acetate buffer was added 6 (5 eqgs, 25 uL of
50 mM solution in DMF) and enough buffer to reach 500 uM affibody. After 1 h of reaction, the
protein was purified using NAP gel filtration columns and successive spin concentration against
3kDa MWCO spin concentrators. The modification was monitored by MALDI or LC-ESI-MS.

Typical procedure for the modification of aniline-MS2 with phenylene-diamine functional-
ized targeting group. The following procedure is adapted from a general procedure for DNA
conjugation to MS2 developed by Gary Tong.® An Eppendorf tube was charged with either
pAF19 MS2 or N87C pAF19 MS2 (20 uM) (with the interior cysteine first modified with ma-
leimide reagents), phenylene diamine-containing targeting group (20-1 mM), and NalO4 (2-10
mM). The reaction was carried out in 10 mM pH 7.0 phosphate bufter, containing 150 mM NaCl
if the targeting group was a DNA aptamer. The reaction was briefly vortexed and allowed to react
at rt for 1 h. After an hour, for a 50 pL reaction, the reaction is quenched by the addition of 5 uLL
of pH 7, 500 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP). For purification, the
sample was first buffer exchanged by gel filtration (NAP) into the desired buffer. The excess tar-
geting group was then removed by successive centrifugal filtration using 100k molecular weight
cutoff filters (Millipore).

Cell culture. Immortalized human breast cancer cells were maintained according to ATCC
guidelines. MCF-7, SK-BR-3 and PC3 cells were from the Tissue Culture Facility, Department
of Molecular & Cell Biology, UC Berkeley, and were grown in DMEM supplemented with 10%
FBS. MCF-10A cells were acquired from ATCC and grown in MEBM media supplemented with
100 ng/ml cholera toxin. All cells were grown at 37 °C in 5% CO,,.

Flow cytometry of cells exposed to fluorescent capsids. Flow cytometry analysis was acquired
on a FACSCalibur flow cytometer (BD Biosciences, USA) using a standard 488 Ar laser. Data
were collected for at least 10,000 live cells for all experiments. Cells (1x10° cells in 100 uL)
were treated with fluorescent capsids in culture media or 1% FBS and incubated either on ice or
at 37 °C for 30-60 min in Eppendorf tubes or multi-well plates. After incubation, the cells were
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washed twice with 1% FBS, suspended in 500 uL 1% FBS, and then analyzed on the flow cy-
tometer.
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Chapter 5: Designed Ankyrin Repeat Proteins for MS2 Targeting

5.1 An introduction to Designed Ankyrin Repeat Proteins (DARPIns)

Having observed low selectivity or poor physical characteristics for several targeting groups, we
next chose to investigate a class of engineered binding proteins called Designed Ankyrin Repeat
Proteins (DARPins). This binding protein was developed by the Pluckthun Group from naturally
occurring ankyrin repeat scaffolds, a class of binding protein found in all phyla that is composed
of stacked 33 amino acid repeats of stable secondary structure.! A consensus AR module was
randomized at several positions to form a library of DARPins, from which selective binders were
chosen. The selected binders exhibited extremely effective binding characteristics (nanomolar

K ), high levels of expression in E. coli culture, as well as high, monomeric solubility and stabil-
ity. The DARPins do not include native cysteines, meaning we could introduce an engineered
cysteine to elaborate as an oxidative coupling partner. DARPins have been developed to bind

a wide variety of targets including EGFR, HER2, TNFa, Fc, MBP, EpCAM, and CD4, among
others.? Of these DARPin variants, the HER2 binding protein was of particular interest to us
because of its extremely high affinity (further evolution to 90 pM K ) and favorable size (~15
kDa).? In addition, the favorable physical characteristics and high expression seemed to be
particularly beneficial for our MS2 based system’s requirements in comparison to previous work
with affibodies. Lastly, the HER2 binding DARPin also has been demonstrated to be an effective
binder in vivo.*

a) MRGSHHHHHHGSDLGKKLLEAARAGQDDEVRILMANGA
DVNAKDEYGLTPLYLATAHGHLEIVEVLLKNGADVNAV
DAIGFTPLHLAAFIGHLEIAEVLLKHGADVNAQDKFGKTAFDIS

IGNGNEDLAEILQKLGGGSGGC . ‘ ° ‘ ©
COOH
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qf 9\ .i * malelmlde
Q‘ T HS Iht <( \‘7
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Figure 5-1. a) Amino acid sequence for the expressed a
HER2 DARPin containing an N-terminal His, tag and unique
C-terminal cysteine. b) The unique cysteine can be alkyl-
ated using maleimide small molecules, such as the Oregon
Green fluorescent dye shown.

500 uM H2D

We first sought to confirm the selectivity of the HER2 binding DARPin alone to HER2 positive
cell lines. We expressed a variant of the published sequence that contained an N-terminal His,
tag, a C-terminal glycine/serine spacer, and a unique cysteine at the C-terminus. This sequence
will hereafter be abbreviated as H2D (Figure 5-1a). H2D was modified at the unique cysteine
using Oregon green maleimide, and the fluorescent DARPin (Figure 5-1b) was incubated with
HER?2 positive SKBR3 cells as well as HER2 negative PC3 cells. As observed by flow cytome-
try, even incubation at 37 °C resulted in an almost 20-fold greater level of binding to the SKBR3
cell line (Figure 5-2).
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Figure 5-2. Oregon Green labeled
oHER2 DARPins (H2D) were
incubated with SK-BR-3 (HER2+)
and PC3 (HER2-) cells at 1 uM
DARPin for 1 h at 37 °C and
analyzed by flow cytometry.

5.2 Oxidative coupling reaction between DARPins and MS2 capsids.

With this encouraging binding result in hand, we next used the oxidative coupling reaction to
attach the DARPin to MS2 capsids. First we synthesized phenylene diamine functionalized
aHER2 DARPin (PDA-H2D) using cysteine alkylation as we did previously with the affibody
(Figure 4-10b). To test the reactivity of the PDA-H2D, we reacted it with aniline-functionalized
PEGS5K? and sodium periodate and analyzed the conjugate by SDS-PAGE (Figure 5-3). Notably,
exposure of PDA-DARPin to sodium periodate gave appreciable amounts of DARPin dimer, as
observed by gel-shift (Lane 2). However, if the aniline-PEG coupling partner was introduced, a
smaller shift was observed, presumably corresponding to PEG-DARPin conjugates (Lane 1), and
no DARPin dimer was observed. Lastly, with no periodate present, no addition or dimerization
was observed (Lane 3).

Next we reacted the PDA-DARPin with pAF19 MS2 under standard oxidative coupling condi-
tions and purified the reactions with four successive spin concentration steps (Figure 5-4a). The

a) o o} PEG-SK’\Q o o
P s_&/\)LNH 2 mM NH, s‘&/\)LNH
GG B 67 5’ o — e REAE ST o N
%{é& X4 s \"z{v [\ 2] \©\/PEG-5K
8 & &g 400 M rt, 1 h 28 & o
Et, NEt,

b) ladder Figure 5-3. a) Reaction scheme for modification of
36 . <« H2D Dimer phenylen diamine functionalized tHER2 DARPin
28 8 «————— H2D- (PDA-H2D) with PEG-5K aniline. b) SDS-PAGE

PEGSK analysis of H2D-PEG conjugates. Lane 1 shows a

17 . conjugate

gel shift corresponding to the H2D-PEG conjugate.

(- —— 2] ; i
TOROMET 1 ane 2, without PEG present shows the formation of

11 | - Coomassie ’ ; i !
Lane 1 2 3 DARPin dimer. Lane 3 shows no reaction in the
PDA-H2D (uM) 400 400 400 absence of periodate.
NalO, (mM) | 1 -
PEGS5K-aniline  + - +
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Lane 1 2 3 4 5 6 7 8 Lane 1 2 3 4 5 6 7 8
pAF19 MS2 (uM) 20 20 20 50 50 20 20 20 pAF19 MS2 (uM)20 20 20 20 - - - -
PDA-H2D (uM) 400 400 - 1e3 - 400 400 400 PDA-H2D (uM) - - 400400400400 400 400
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Figure 5-4. a) Reaction scheme for the modification of pAF19 MS2 with PDA-H2D using a NalO,
mediated oxidative coupling reaction. b-c) MS2-DARPin conjugates were analyzed using SDS-PAGE.

reactions were analyzed using SDS-PAGE, and as expected, a gel shift corresponding to the
DARPin addition to the MS2 monomer was observed (Figure 5-4b). In addition, using pAF19
MS2, no MS2 dimers were observed. No reaction occurred without the presence of sodium
periodate (Lane 2). A large excess of PDA-H2D reaction partner yielded slightly higher levels
of DARPin addition (Lane 4). Varying periodiate concentrations did not, however, cause any
appreciable change in reactivity (Lanes 6-8). One problem observed was that the DARPin-dimer
ran as a similar band on SDS-PAGE, giving rise to the possibility to confuse DARPin-dimer and
MS2-DARPin conjugates.

We sought to clarify whether the higher MW band was indeed the MS2-DARPin conjugate by
confirming that the successive spin concentration against 100 kDa membranes would indeed
remove the unconjugated DARPin (Figure 5-4c). Since the assembled capsid weighs over 2
megadaltons, the modified capsid can be separated from excess DARPin using this technique.
We ran samples containing all combinations of the reaction partners, as well as purified and
non-purified samples. Lanes 5 and 6 of Figure 5-4c, which contain only DARPin, show that the
spin concentration step indeed removes most of the unreacted DARPin, meaning that the higher
molecular weight band in lane 4 indeed corresponds to the MS2-DARPin conjugate. In addition,
the location of the dimer band in lane 6 was slightly but noticeably higher than the band in lane
4. The spin concentration is fairly effective in removing unreacted DARPin therefore, though at
a slight cost to final recovery of modified capsid.
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The next experiment was to test the effect of varying PDA-DARPin concentration. Analysis by
SDS-PAGE indeed showed increased modification levels with increasing DARPin reaction part-
ner, up to approximately 30% modification with 1 mM PDA-H2D (Figure 5-5). However, higher
equivalents of DARPin (lane 9) resulted in difficulty in purification, so we chose to remain below

20 equivalents of DARPIn to streamline the purification.

4x spin concentration 100!

- No purification

"

ey

MS2-H2D 36

conjugate

> —

17

MS2 monomer ——> SIS T—
11 _

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pAF19MS2 (uM)20 20 20 20 20 20 20 20 20 - - -

PDA-H2D (uM) - - 400 20 40 100 200 400 1000 400 400 400 400 20

NalO, (mM) - 10 10 10 10 10 10 10 10 - 10 10

. . . . +
Figure 5-5. SDS-PAGE analysis of MS2-DARPin conjugates, P;;(g_?g[

screening for PDA-H2D concentration. Increasing levels of modifi-  ,pijine

cation were observed with increasing PDA-H2D concentration.

We next used fluorescent MS2 capsids to construct dual modified MS2 using the new DARPin
targeting group (Figure 5-6a). Once again, we used Oregon green modified N§7C MS2 and
chemically incorporated anilines using isatoic anhydride. However, upon reaction with PDA-
H2D, it was difficult to assess whether the high molecular weight band was MS2 dimer or MS2-
DARPin conjugate (Figure 5-6b). A reaction with PEG5K phenylene diamine confirmed that the
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Figure 5-6. a) Reaction scheme for the
dual modification of N87C MS2 capsids.
MS2 capsids were modified with Oregon
Green maleimide and isatoic anhydride,
as shown in Chapter 4. These capsids
were then reacted with PDA-H2D in the
present of NalO,. b) MS2 dual conju-
gates were analyzed using SDS-PAGE.
It was difficult to differentiate between
MS2 dimers and MS2-H2D conjugates
based on their electrophoretic mobility
on SDS-PAGE.



chemically incorporated anilines on MS2 were indeed reactive, and noticeably, both PEG-MS2
conjugate, as well as MS2 dimer are observable (Figure 5-6b, Lane 5). At this point, the difficul-
ty associated with MS2 dimer formation with chemically incorporated anilines proved to be such
an obstacle that we sought alternative methods of external MS2 modification.

5.3 A new oxidative coupling reaction for MS2 modification.

5.4 Optimization of MS2 soluble expression.

NH,

o
OH
NH, o
+ NalO,,pH 7.2 NH
. » NC
rt, 5 min @

Figure 5-7. An accelerated oxidative coupling reaction
between anilines and ortho-aminophenols with NalO,
as oxidant.

One such solution involved a new oxidative coupling reaction that had been recently devel-

oped and optimized by Chris Behrens in the group (Figure 5-7).° In this variant of the oxidative
coupling, sodium periodate is still used as the oxidant with an aniline reactive group. However,
instead of a substituted phenylene diamine reactive partner, a para-substituted ortho-aminophe-
nol functionality is used. This reaction proceeds much faster than the phenylene diamine version
of the oxidative coupling and has in fact been used by our group for radiochemistry applications
with short-lived isotopes. Another potential benefit of this reaction is that native tyrosine resi-
dues can be chemically converted to ortho-aminophenols via tyrosine diazotization or nitration,
followed by reduction to the aminophenol.

To exploit this, we therefore sought to substitute a tyrosine residue at position 19 and upon
chemical elaboration, perform the new oxidative coupling. This pathway would be beneficial
because this second mutation (after the N87C mutation for interior modification), being a native
amino acid, would result in higher dual-mutant yields compared to the extremely low yields of
the pAF19 N87C MS2 mutant due to artificial amino acid incorporation.

We therefore expressed several dual mutants of MS2, containing the T19Y mutation and several
interior cysteine mutations. All of these dual mutants expressed well in E. coli, but showed no
protein recovery upon purification. Searching for the protein revealed that it resided almost com-

MS2 monomer

[Arabinose] [Arabinose] [Arabinose] [Arabinose] [Arabinose] [Arabinose]

Figure 5-8. T19Y MS2 expression as analyzed by SDS-PAGE. MS2 only appears in the soluble
fraction when protein expression is induced at 30 °C.
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pletely in the insoluble fraction, which could be recovered by lysing the cells under denaturing
conditions. However, upon buffer exchange back to phosphate buffer, the MS2 immediately pre-
cipitated. To combat the solubility problems, we carried out small scale expression screens with

varying arabinose concentration and at 30 °C. Upon expression at 30 °C, an appreciable amount
of MS2 dual mutant resided in the soluble fraction, compared to none at 37 °C. Little variation
due to inducer concentration was found (Figure 5-8).

Due to this success in increasing the MS2 dual mutant yield, we began to consider whether the
T19pAF N87C MS2 mutant would benefit from decreasing expression temperature as well, since
this mutant differs from the T19Y tyrosine mutant by only a single atom. Much to our delight,
expression of the p-aminophenylalanine containing dual mutant at 30 °C indeed resulted in much
higher recovery of MS2 capsid. Further optimization also led us to utilize a PEG precipitation
after the DEAE column first pass purification, instead of the ammonium sulfate precipitation in

the original protocol.

With the T19pAF N87C MS2 dual mutant in hand, we decided to couple it with the new amino-
phenol based oxidative coupling due to the speed of the reaction. Prolonged exposure to sodium
periodate has not seemed to affect most native proteins adversely except for possible cysteine
oxidation. However, periodate could potentially interact with our cargo molecules if they were

o o°
b AR
\ o 2

NO,
oH NO2 OH

HN 7 eq H,0 DIPEA, DMF N/\)LN
HZN \ H
1 0] 3

Figure 5-9. Synthesis of an ortho-aminophenol containing maleimide.
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Figure 5-10. Modification of a tHER2 DARPin with 3 and subsequent
dithionite reduction to the aminophenol as confirmed by LC-ESI-MS.
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attached to the capsid first (to avoid cysteine oxidation). We therefore synthesized an aminophe-
nol maleimide small molecule linker (Figure 5-9). The first step was the nitration of tyramine,
which proceeded with excess nitric acid in water, immediately precipitating out nitrotyramine.’
Nitrotyramine is slightly soluble in CH,Cl, and can be reacted with 2 to afford maleimide/ni-
trophenol linker 3. We decided to reduce the nitro group after cysteine modification in order to
avoid possible polymerization of the aminophenol/maleimide. Cysteine modification of H2D
followed by nitro reduction using sodium dithionite proceeded with high yield, resulting in an
aminophenol functionalized DARPin (or APH2D, Figure 5-10), which could then be attached to
MS2.

o (o]

N/\)LNH S N/\)LNH

PEGS5K aniline ¢ %3 r?‘ﬁ *l'. o CN

—_— ¢ 4 H

NalO) ReR O ¢ oK
88 bW )

" . CE
EG5K

H2D Dimer Figure 5-11. a) The aminophenol functionalized
mD-PEGsK ~ DARPin was reacted with PEG5K aniline. b)
~ “ conjugate DARPin-PEG conjugates were analyzed by
- -{4— H2D monomer  SDS-PAGE. Lane 3 shows the presence of
: DARPin-PEG conjugates.

Lane 1 2 3
APH2D (uM) 100 100 100
PEGS5K aniline (uM) - - 1000
NalO,(mM) - 10 10

First we tested the reactivity of the aminophenol functionalized DARPin. We reacted the
APH2D with PEGS5K aniline and looked for a gel shift by SDS-PAGE (Figure 5-11). Again, we
observed small amounts of DARPin dimer and a lower shift corresponding to PEG addition to
the DARPIn, though at lower levels than expected (Lane 3). Still, we took on APH2D to react
with Oregon Green functionalized pAF19 N87C MS2 (Figure 5-12). Gratifyingly, a prominent

Oregon Green
maleimide

b)
MS2-H2D conjugate
- Figure 5-12. a) Oregon Green labeled N§7CpAF19 MS2
N '-.. - MS2 monomer capsids were reacted with APH2D and sodium periodate.
b) MS2-DARPin conjugates were analyzed by SDS-PAGE.
Lane 1 2 3 4 5 Lane 3 shows a prominent gel shift corresponding to the
OG-pAF19 MS2 (uM)20 20 20 20 - desired conjugate.

APH2D (M) - 200200 - 200
NalO, (mM) - - 10 10 10
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band appeared only in the lane containing both MS2 and APH2D as well as NalO,, indicating
that this higher molecular weight band was most likely not MS2 dimer (Lane 3). Small amounts
of MS2 dimer were observed in the fluorescence image of the gel, but not at comparable levels.
However, with these dual-mutant capsids, the usual spin concentration purification procedure
proved ineffective and resulted in large losses of protein. Further efforts at purification will be
detailed below.

We continued to characterize the conjugates and to confirm that the top band was not simply

the MS2 dimer. First, SEC analysis gave a shorter retention time for modified capsids, as ex-
pected due the increased diameter of the modified particles. To confirm, we synthesized the
above maleimide/nitrophenol linker using a PEG based spacer, which was expected to give a
larger gel shift then the short alkyl linker. Compound 4 was synthesized as in a similar fashion
to the shorter alkyl linker and after purification by RP-HPLC, was used to modify H2D (Figure
5-13). The same dithionite reduction as with the alkyl linker could be used to access the reactive
aminophenol. The oxidative coupling was carried out using standard conditions and followed
by SDS-PAGE analysis, this time comparing the gel shift with the previous alkyl linker modi-
fied DARPin. While the PEG-DARPin conjugate appeared to contain residual linker, which also
modified the MS2 capsid, we happily observed a larger gel shift compared to that occurring with
the alkyl linker, as well as the small gel shift corresponding to addition of the small PEG mol-
ecule. (Figure 5-13b) We could further purify the PEG-APH2D molecule using 15 spin concen-
tration cycles to reduce the amount of small PEG conjugation. This experiment showed that it
was indeed AP-DARPin being attached to the MS2 capsids. However, unreacted PEG-DARPin
proved to be even more difficult to remove from the capsids, so we did not pursue it further.
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Figure 5-13.2) A
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Figure 5-12.

5.5 DARPin-MS2 optimization and purification.

Several purification strategies were pursued to separate unreacted DARPin from intact capsids
and recover useful amounts of modified capsid. Variables tested included oxidation time, oxi-
dant concentration, quencher, quencher concentration, order of oxidation, as well as spin con-
centration speed and conditioning. In general, we could assay for remaining MS2 by measuring
Oregon Green absorbance and determine the capsid assembly state using SEC-HPLC. Through
these experiments, it was found that fresh NalO, and TCEP for quenching were vital to ensure
capsid stability upon spin concentration. We also packed small S300 resin columns, both us-
ing gravity and centrifugation, that proved effective for first pass purification steps. In addition,
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it was observed that the modified capsids remained intact even upon precipitation using 40%
ammonium sulfate. Eventually, we were able to purchase a SEC-HPLC column, a Biosep 4K,
that proved particularly effective in separating monomeric proteins from the assembled capsid.
Several of these purification strategies were used interchangeably in the following experiments.
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With a purification strategy in hand, we also sought to optimize the reaction conditions for pro-
tein-protein coupling using the new oxidative coupling reaction (Figure 5-14). We first screened
the concentration of APH2D and saw that modification increased with increasing APH2D con-
centration. However, purification again grew increasingly difficult with more equivalents of
DARPin. The same gel has the last lane showing a reaction with an 18 kDa non-binding control
DARPin that we had also expressed to demonstrate the difference in gel shift between the two
DARPins when added to MS2. Next, we also tested the reaction time and observed that the
reaction was complete in five minutes, and actually low levels of double modification occurred at
longer reaction times. Lastly, we also screened oxidant concentration and saw that the modifica-
tion level maximized with 500 uM NalO,.

5.6 MS2-DARPiIn cell binding experiments

With optimized reaction and purification conditions, we began to test the binding efficiency of
DARPin-MS2 conjugates to HER2 positive cell lines. We chose to modify capsids to ~20-25%
DARPin modification for initial cell experiments. Cells were incubated with varying concentra-
tions of MS2 capsids containing fluorescent dyes on the interior and targeting DARPins on the
exterior surface. In general, background binding was the lowest when incubated at 4 °C; howev-
er, even at 37 °C, DARPin-MS2 conjugates showed rather selective binding to HER2+ cell lines
compared to negative cell lines, and also compared to non-binding control DARPins (Figure
5-15). Cells were exposed to the agents either while adhered to plate surfaces or while sus-
pended in 1% FBS media. The highest selectivity in binding was observed on suspended cells.
After exposure, the cells were washed with cold PBS and analyzed using flow cytometry. A time
course experiment showed that when suspended SKBR3 cells were incubated at 4 °C, binding
plateaued after 15 minutes (Figure 5-16). Fluorescence microscopy experiments showed uptake
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Figure 5-15. HER?2 targeted fluorescent MS2
capsids were incubated at 4 °C with suspended
HER2+ and HER2- cell lines and analyzed using
flow cytometry. The targeted capsids only bound
the HER2+ cell line.

DAPI OG H2D MS2 Dil LDL Overlay
Figure 5 17. Fluorescence microscopy experiments on SKBR3 cells
show uptake by the HER2+ SKBR3 cell line and colocalization with
LDL.
of modified capsids and also apparent co-localization with Dil-LDL (Figure 5-17), although fur-
ther experiments using confocal microscopy are needed to confirm this uptake pathway.

We next tested the binding of H2D-MS2 to a variety of cancer cell lines to test the generality of
the targeting (Figure 5-18). In general, agent binding correlated well with the reported HER2
expression level of the cell line tested. In many cases, non-specific binding of MS2 alone was
greater than the other controls. In all cases it was observed that binding of the individual DAR-
Pin alone gave much higher fluorescent signal compared to binding of the MS2-DARPin conju-
gates. Since the agents had been normalized to DARPin concentration (considering ~20% capsid
modification), it had been expected that the MS2-DARPin conjugates would have given higher
signal due to the presence of more dyes per DARPin in these systems.

5.7 Improving MS2-DARPin fluorescence signal.

Our next goal was both to increase the fluorescence signal of MS2 capsids and also explain the
discrepancy between the dye brightness on monomeric DARPins and inside MS2 capsids. The
first step was to simply use higher quality fluorescent dyes, such as the Alexa Fluor or Dylight
series from Invitrogen and Thermo-Scientific, respectively. We eventually settled on Dylight 650
as our main dye due to lower cost, molecular weight, and brightness, although we also occasion-
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a) Cell Line Jurkat 3.6 MCF7Cl 18 MDA-MB-453 SK-BR-3 MDA-MB-231 HCC1954 MCF7
Reported HER2 expression level - - ++ +H+ +H+ + +H +
Cells only 3.6 3 2.7 2.6 6 5.4 43 5.1
2 uM H2D-MS2 10.1 4 30.8 14.6 19.8 7.6 19.3 14.3
2 uM e35d-MS2 49 31 2.7 29 6.5 6 4.6 5.8
400 nM H2D 6 255 184.4 82.8 119.4 13.5 504.6 14.1
400 nM e35d 45 37 32 3 6.7 79 5.8 6.7
2 uM MS2 122 49 3.6 34 7.1 8.9 6.9 14.7
b) 100 a= N0 MS2 Figure 5-18. a) HER2-binding
80 e= OG MS2 gHER2 DARPin  DARPin-MS2 was compared to various
2 == OG MS2 nonbinding DARPin ;4615 and DARPin alone in binding a
£ 60 e== 0OG aHER2 DARPin ity of cell li b) Fl " "
Z a= G nonbinding DARPin variety of cell lines. ) ow cytometry
40 = 0G MS2 histograms are shown for binding to

HER2+ HCC1954 cells. Agents are
normalized for DARPin concentration.

1 10 100 1000 10000
Oregon Green Fluorescence
ally used Alex Fluor 649. The use of these dyes dramatically increased the fluorescent signal
from the labeled capsids.

Two other modifications we attempted addressed the possibility of worse binding of the DAR-
Pins due to attachment to the capsid. The first experiment was to shift the location of the unique
cysteine used for bioconjugation. The initial location had been at the C-terminus; however,
inspecting the structure showed that the C-terminus is at the side of the DARPin binding domain,
and this could potentially lead to difficulty in accessing the binding site of the DARPin upon
attachment to MS2. We therefore made three mutants of the DARPin: K68C, E64C, E61C. In
all three the former cysteine was changed to a W residue so that the introduced sulthydryl group
could be selectively modified. These mutants all moved the cysteine to the back of the DARPin,
so that upon bioconjugation to the MS2 capsid, the binding site would be more revealed. The
second modification was to the linker. We decided to lengthen the linker using a PEG spacer,

as detailed previously, in order to increase the space between the capsid and DARPin. This was
in hopes of giving the DARPin more flexibility to reveal its binding site. Both of the above
modifications were carried out, and the resulting DARPins were attached to MS2 successfully.
However, there was no detectable improvement in binding (as determined by single sample flow
cytometry experiments) with any of the above modifications to the system. We thus continued to
use the original C-terminal cysteine version of the DARPin.

The use of Dylight 650 as the fluorescent tag did increase the signal range available, clearly re-
vealing that the dyes on the interior surface of MS2 are indeed quenched. We were able to mea-
sure dye absorbance and fluorescence and noticed a dramatic difference in fluorescence per ab-
sorbance (a type of brightness calculation) between dye labeled DARPin and dye-labeled MS2,
as shown in Figure 5-19. While we had always suspected that dyes inside MS2 would quench,
due to the close proximity of adjacent N87C groups at the dimer interface (Figure 3-1b), we

had never calculated the extent to which the dyes were quenched. To systematically investigate
these effects, we created a complete set of dye-modified capsids containing varying levels of dye
modification, from ~1 dye/capsid to >100 dyes/capsid. For each of these samples we measured
protein absorbance, and dye absorbance and fluorescence. We then also calculated the same
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Dye- MS2(no  H2D-MS2
DARPin ~ NalO,) (after NalO,)

1 A649 925 939 580
Flourescence

2 (649/670) 36.3 3.81 3.14

3 FI/A649*1000| 39.24 4.06 5.41

Figure 5-19. Dye quenching was exam-
ined using absorbance and fluorescence
measurements. The MS2 and DARPin
were labeled with a Dylight 650 dye. Row
1 shows the absorbance at 649 nm and row
2 shows the fluorescence with a 649/670
excitation/emission. Row 3 is a calculated
“brightness” value, showing the relative
brightness of the dyes on the monomeric
DARPin, compared to inside the MS2
capsids.

“brightness” value as in Figure 5-19 and plotted all of these values against the number of dyes/
capsid. As shown in Figure 5-20a, the dye fluorescence (green trace) changed remarkably little
upon the addition of more dyes per capsid. In fact, peak fluorescence occured at only ~15% dye
modification, after which quenching dominated. In contrast, analysis of the dye-labeled mono-
mer DARPins showed no such plateau, as expected (Figure 5-20b). This knowledge allowed us
to use much less dye in modifying MS2 capsids in the future and to maximize dye brightness.

a) 10° b) 10°
10° 10*
= =103
5102 5
wn wn
10%
10!
10!
10° 10°
0.10 1 10 100 0.001 0.01 0.1 1
# Dyes/capsid nmol DL650 H2D
A280 A649 F1649/670 Fluor/A649  A280 A649 Fl 649/670 Fluor/A649
x 1000 x 1000

Figure 5-20. Measurement of DL650 absorbance and fluores-
cence for a) MS2 capsids with varying levels of dye modifica-
tion and b) varying amounts of fully dye-modified DARPins.
Protein absorbance at 280 nm is also measured and a calculated
brightness value (yellow traces) is also shown.

5.8 Construction of binding curves for analysis of MS2-DARPin cell binding.

As we were attempting to determine improvements in binding from the DARPin mutants and
PEG linker using flow cytometry, we discovered that it was extremely challenging to compare
samples across experiments due to the variance in binding due to agent concentration, differ-
ing saturation points, the logarithmic nature of the binding behavior and data, and simple day to
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day instrument calibration issues. We therefore
decided to approach DARPin binding measure-
ments by constructing binding curves, plotting
flow cytometric mean fluorescence intensity
versus agent concentration. This would allow
us to measure the plateau level of agent bind-
ing, and also calculate K values for the binding.
Using this technique, we could determine the K
for each agent tested, as shown in Figure 5-21.
While monomeric DARPin gave a K value of
35 nM, the targeted capsid gave a much lower K
of 5.4 nM, demonstrating the power of attaching
multiple targeting groups to the MS2 capsid.

In the next experiment, we tested a panel of
MS2-DARPin conjugates that contained vary-
ing numbers of DARPins per MS2 capsid, from
9-45 copies. These capsids were produced by
varying the equivalents of AP-H2D in the oxi-
dative coupling reaction and quantification by

160 1600
= 120 1200 =
= =
2 g
£ 80 800 %
© =)
40 400
0 0
1.E-11 1.E-09 1.E-07 1.E-05
[Agent] K, (nM)
- Concentration in DARPin (on MS2) 150
-+ Concentration in MS2 capsid 54
= Monomeric DARPin concentration 35

Figure 5-21. Binding curves and calculated
K, values for agent binding to HCC1954 cells.
Curves and values for both MS2-DARPin
conjugates and monomeric DARPins were
determined. In addition, MS2-DARPin
conjugate concentration was calculated using
both DARPin concentration as well as capsid
concentration.

SDS-PAGE densitometry measurements. The capsids had been fluorescently tagged previously
and were incubated with HCC1954 cells. We were able to plot binding curves and calculate the
binding constant first by normalizing to capsid concentration (Figure 5-22a). As expected, as the
number of DARPins per capsid increased, the binding of the capsids to HER2+ cells improved,
demonstrating the effects of having multiple targeting groups on a single capsid. Secondly, we
were also able to plot binding curves by normalizing to DARPin concentration, given the varying
number of DARPins/capsid. These curves showed that on a per DARPin basis, binding is actual-
ly worse for the DARPins attached to MS2 when compared to the binding curve of a monomeric

DARPin (Figure 5-22b).

Normalized Fluorescence
Normalized Fluorescence

1.LE-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05
[Agent]

-+ ~45 DARPins/capsid
-+ ~36 DARPins/capsid
-~ ~14 DARPins/capsid

~9 DARPins/capsid
-< DARPin alone

1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05

[Agent]

Figure 5-22. MS2 capsids with varying levels of HER2 DARPin modification were exposed to
HER2+ HCC1954 cells at various concentrations and binding curves were constructed. a) Agent
concentration was calculated using the concentration of intact MS2 capsids. b) Agent concentration

was calculated using the concentration of DARPin.
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5.9 Implications for future work.

These binding constants have important implications for potential drug delivery applications,
such as constructing dual modified MS2 capsids with taxol on the interior and H2D on the exte-
rior. Since there are up to 180 copies of the drug per capsid, the concentration of drug molecule
at the K, of H2D-MS2 capsids extremely high, possibly ~500 nM, which is markedly higher than
the IC,  of taxol. In fact, while we were able to construct taxol-MS2-DARPin dual conjugates,
when we exposed them to cells, even at low concentrations of capsid (but high taxol concentra-
tions), we saw universal cytotoxicity, unable to differentiate between HER2+ and — cell lines.
Furthermore, we saw no difference between targeted and non-binding DARPins. When we went
below the K of the capsid to administer lower doses of drug, we once again saw no difference
between + and — cell lines, since at these low concentrations, the DARPin-MS2 conjugates no
longer targeted the desired cells. We have since performed preliminary experiments attaching
doxorubicin to the capsids through an acid-sensitive hydrazone bond, in hopes of achieving a
more specific release, but have not yet been able to achieve selective cell death.

In collaboration with Chris Behrens® and Michelle Farkas, we have also begun preliminary work
in preparation for in vivo mouse experiments with these targeted capsids. We have exploited the
modularity of the MS2-based system to easily attach near-IR dyes or PET imaging agents to the
interior of the capsid for optical and nuclear imaging purposes, followed by the attachment of
targeting DARPIns to the exterior. With the known success of the DARPin class of binding pro-
teins for in vitro selective binding, we can also envision constructing MS2-based systems using
the oxidative coupling reaction and any of the other reported DARPins to bind alternative targets.

5.10 Materials and methods.

General Procedures and Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and used without
further purification. Analytical thin layer chromatography (TLC) was performed on EM Reagent
0.25 mm silica gel 60-F,,, plates with visualization by ultraviolet (UV) irradiation at 254 nm and/
or staining with potassium permanganate. Purifications by flash chromatography were per-
formed using EM silica gel 60 (230-400 mesh). The eluting system for each purification was de-
termined by TLC analysis. Chromatography solvents were used without distillation. All organic
solvents were removed under reduced pressure using a rotary evaporator. Water (ddH,O) used in
biological procedures or as a reaction solvent was deionized using a NANOpure™ purification
system (Barnstead, USA) purchased from Aldrich. All cell culture reagents were obtained from
Gibco/Invitrogen Corp (Carlsbad, CA) unless otherwise noted.

Instrumentation and Sample Analysis Preparations

NMR. 'H and BC spectra were measured with a Bruker AV-500 (500 MHz), or a Bruker DRX-
500 (500 MHz) spectrometer, as noted. 'H NMR chemical shifts are reported as 8 in units

of parts per million (ppm) relative to CDCI, (3 7.26, singlet), or methanol-d, (3 3.31, pentet).
Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), or m (multiplet). Cou-
pling constants are reported as a J value in Hertz (Hz). The number of protons (n) for a given
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resonance is indicated as nH, and is based on spectral integration values. *C NMR chemical
shifts are reported as 6 in units of parts per million (ppm) relative to CDCI, (8 77.2, triplet), or
methanol-d, (6 49.00, septet).

Mass Spectrometry. High resolution Electrospray (ESI) and Fast Atom Bombardment (FAB")
mass spectra were obtained at the UC Berkeley Mass Spectrometry Facility. Electrospray LC/
MS analysis was performed using an API 150EX system (Applied Biosystems, USA) equipped
with a Turbospray source and an Agilent 1100 series LC pump. Protein chromatography was
performed using either a Phenomenex Jupiter™ 300 5u C5 300 A reversed-phase column (2.0
mm x 150 mm), Phenomenex Jupiter™ 300 5u C18 300 A reversed-phase column (2.0 mm x 150
mm), or Dionex Proswift RP-4H reversed phase column (Imm x 50 mm) with a MeCN:ddH,O
gradient mobile phase containing 0.1% formic acid (250 uL/min). Protein mass reconstruction
was performed on the charge ladder with Analyst software (version 1.3.1, Applied Biosystems).
MALDI-TOF analysis was performed on a Voyager-DE instrument (Applied Biosystems), and
all spectra were analyzed using Data Explorer software. The matrix solution was a 10 mg/mL
solution of sinapic acid in in 50% acetonitrile, 50% water, 0.1 % TFA.

High Perfomance Liquid Chromatography. HPLC was performed on an Agilent 1100 Series
HPLC System (Agilent Technologies, USA). Size exclusion chromatography was accomplished
on an Agilent Zorbax® GF-250 with isocratic (0.5 mL/min) flow or a Phenomenex PolySep-GFC-
P 5000 (PS5K) column (300 x 7.8 mm, flow rate 1.0 mL/min) or a Phenomenex BioSEP-4000
(BS4K) column (300 x 7.8 mm, flow rate, 1.0 mL/min) using an aqueous mobile phase (10 mM
Na HPO,, pH 7.2) . Reversed-phase liquid chromatography on protein samples was accom-
plished on a Agilent Poroshell 300 SB-C18 column (2.1 x 75 mm) using a MeCN:ddH, O gradi-
ent mobile phase containing 0.1% trifluoroacetic acid. Semi-preparatory scale purification was
performed using a Agilent Zorbax 300 SB-C18 column (9.4 mm x 25 cm). Sample analysis for
all HPLC experiments was achieved with an inline diode array detector (DAD) and an inline
fluorescence detector (FLD).

Gel Analyses. Sodium dodecyl sulfate-poly(acrylamide) gel electrophoresis (SDS-PAGE) was
accomplished on a Mini-Protean apparatus from Bio-Rad (Hercules, CA) with 10-20% gradient
polyacrylamide gels (Bio-Rad, CA), following the protocol of Laemmli.” All electrophoresis
protein samples were mixed with SDS loading buffer in the presence of dithiothreitol (DTT) and
heated to 100 °C for 10 min to ensure reduction of disulfide bonds and complete denaturation un-
less otherwise noted. Commercially available molecular mass markers (Bio-Rad) were applied
to at least one lane of each gel for calculation of the apparent molecular masses. Gel imaging was
performed on an EpiChem3 Darkroom system (UVP, USA).

Centrifugations were conducted with an Allegra 64R Tabletop Centrifuge (Beckman Coulter,
Inc., USA). General desalting and removal of other small molecules of biological samples were
achieved using NAP-5 gel filtration columns (GE Healthcare). Protein samples were concen-
trated by way of centrifugal ultrafiltration using Amicon Ultra-4 or Ultra-15 100 kDa molecular
weight cut off (MWCO) centrifugal filter units (Millipore), or Amicon Microcon 10 kDa and 100
kDa MWCO (Millipore) centrifugal filter units.

Experimental Procedures
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N87C MS2 production.
N87C MS2 was produced as in Chapter 4.
N87C pAF19 MS2 production.

N87C T19pAF MS2 was produced as previously described with a few modifications.!® Expres-
sion was carried out at 30 °C rather than 37 °C, as previously done. In addition, instead of an
ammonium sulfate precipitation step after pooling of MS2-containing DEAE fractions, the pro-
tein was isolated via PEG precipitation as described for native MS2 isolation.

DARPin production (H2D and non-binding e35d). The genes for the HER2 DARPin and
non-binding (e35d) DARPin were optimized and purchased from DNA 2.0 and received in a pJ-
express E.coli expression plasmid under control of a T5 promoter with ampicillin resistance. The
optimized sequences are shown below. BL21(DE3) cells were transformed with the purchased
plasmid. All cells used for DARPin cloning were under ampicillin antibiotic control and grown
in sterile LB with 100 mg/L ampicillin or LB-agar-amp plates. The successfully transformed
colonies were used to grow 5 mL overnight starter cultures in sterile LB. One starter culture was
added to 1 L sterile LB with 100 mg/L solid ampicillin and cultures were grown for 3-6 h and al-
lowed to reach log phase growth (OD,=0.7). Upon reaching log-phase growth, protein expres-
sion was induced using 0.6 mM IPTG. The protein was expressed for 3-18 h and then the cells
centrifuged and pelleted. Cell pellets were centrifuged and frozen at -80 °C.

HERZ2 DARPin sequence.

ATG CGC GGC AGC CAC CAC CAT CAC CAT CAC GGC AGC GAC CTG GaGT
Met Arg Gly Ser His His His His His His Gly Ser Asp Leu Gly
AAA AAG CTG CTG GAG GCA GCG CGT GCG GGT CAA GAT GAC GAA GTT
Lys Lys Leu Leu Glu Ala Ala Arg Ala Gly GIn Asp Asp Glu val
CGT ATC CTG ATG GCG AAC GGT GCG GAT GTG AAT GCC AAA GAT GAG
Arg Ile Leu Met Ala Asn Gly Ala Asp val Asn Ala Lys Asp Glu
TAT GGT CTG ACG CCG CTG TAC TTG GCG ACC GCG CAC GGT CAT CTG
Tyr Gly Leu Thr Pro Leu Tyr Leu Ala Thr Ala His Gly His Leu
GAA ATT GTC GAG GTT CTG TTG AAA AAT GGT GCT GAC GTC AAC GCC
Glu ITe val Glu val Leu Leu Lys Asn Gly Ala Asp val Asn Ala
GTG GAC GCG ATT GGT TTC ACC CCG CTG CAC CTG GCA GCT TTT ATC

val Asp Ala Ile Gly Phe Thr Pro Leu His Leu Ala Ala Phe Ile
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GGT
Gly
GTC
val
ATT
Ile
GGC

Gly

CAC
His
AAT
Asn
GGT
Gly
GGT

Gly

CTG
Leu
GCC
Ala
AAC
Asn
GGC

Gly

E35D DARPin

ATG
Met
AAA
Lys
CGT
Arg
GAC
Asp
GAA
Glu
TCC
Ser
GGC
Gly

GTG

CGC
Arg
AAG
Lys
ATC
Ile
GGT
Gly
ATC
Ile
GAC
Asp
CAT
His

AAT

GGC
Gly
CTG
Leu
CTG
Leu
TAC
Tyr
GTG
val
CTG
Leu
CTG
Leu

GCG

GAA
Glu
CAG
Gln
GGC
Gly
TCC

Ser

ATC
Ile
GAC
Asp
AAC
Asn
GGT

Gly

GCG
Ala
AAG
Lys
GAG
Glu
GGT

Gly

sequence.

AGC
Ser
CTG
Leu
ATG
Met
ACC
Thr
GAA
Glu
ACG
Thr
GAA
Glu

TAT

CAC
His
GAG
Glu
GCT
Ala
CCG
Pro
GTC
val
GGC
Gly
ATT
Ile

GAC

CAT
His
GCA
Ala
AAT
Asn
TTG
Leu
CTG
Leu
ATC
Ile
GTC
val

AAT

GAA
Glu
TTT
Phe
GAT
Asp
TGC

Cys

CAC
His
GCG
Ala
GGC
Gly
CAC
His
CTG
Leu
ACC
Thr
GAG
Glu

GAT

GTG
val
GGC
Gly
CTG
Leu
TGA

End

CAC
His
CGT
Arg
GCG
Ala
TTG
Leu
AAG
Lys
CcCG
Pro
GTT
val

GGT

CTG
Leu
AAA
Lys
GCA

Ala

CAT
His
GCG
Ala
GAT
Asp
GCG
Ala
AAC
Asn
CTG
Leu
CTG
Leu

CAC
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CTG
Leu
ACT
Thr
GAG

Glu

CAC
His
GGT
Gly
GTT
val
GCG
Ala
GGT
Gly
CAT
His
CTG
Leu

ACT

AAG
Lys
GCG
Ala
ATT

Ile

GGC
Gly
CAG
Gln
AAC
Asn
AGC
Ser
GCA
Ala
CTG
Leu
AAA
Lys

CCG

CAT
His
TTC
Phe
TTG

Leu

AGC
Ser
GAT
Asp
GCT
Ala
AAC
Asn
GAC
Asp
GCA
Ala
CAT
His

CTG

GGC
Gly
GAC
Asp
CAG

Gln

GAC
Asp
GAT
Asp
ACG
Thr
GGT
Gly
GTG
val
GCG
Ala
GGT
Gly

CAC

GCA
Ala
ATC
Ile
AAG

Lys

CTG
Leu
GAA
Glu
GAC
Asp
CAC
His
AAC
Asn
GCG
Ala
GCG
Ala

CTG

GAT
Asp
AGC
Ser
CTG

Leu

GGT
Gly
GTT
val
AAC
Asn
CTG
Leu
GCC
Ala
ACC
Thr
GAC
Asp

GCA



val Asn Ala Tyr Asp Asn Asp Gly His Thr Pro Leu His Leu Ala
GCC AAG TAC GGC CAC TTG GAG ATT GTT GAG GTG CTG CTG AAG CAT
Ala Lys Tyr Gly His Leu Glu Ile val Glu val Leu Leu Lys His
GGC GCC GAT GTC AAC GCC CAG GAC AAA TTC GGC AAA ACC GCA TTT
Gly Ala Asp val Asn Ala GIln Asp Lys Phe Gly Lys Thr Ala Phe
GAC ATT AGC ATC GAT AAT GGT AAT GAG GAT TTG GCT GAG ATT CTG
Asp Ile Ser Ile Asp Asn Gly Asn Glu Asp Leu Ala Glu Ile Leu
CAA GGT GGT GGT TCT GGT GGT TGC TAG

Gln Gly Gly Gly Ser Gly Gly Cys End

DARPiIn purification. DARPin cell pellets were purified according to the procedure outlined
in the following reference for purification under native conditions." Buffer composition is
described in the above reference. A cell pellet was thawed and suspended in 20 mL lysis buffer.
Following sonication for 1 minute, the cells were centrifuged and the supernatant was isolated
and to it was added 4 mL 50% Ni-NTA agarose (Qiagen). The slurry was allowed to spin on a
rotary shaker for 1 h at 4 °C. The agarose with protein bound was washed with 3x 10 mL por-
tions of wash buffer containing 20 mM imidazole. The purified protein was then eluted using
10 mL elution buffer containing 150 mM imidazole. The eluent was concentrated using 100 k
MWCO spin concentrators and using NAP-25 gel filtration columns.

3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(4-hydroxy-3-nitrophenethyl)propanamide

(3). To a solution of nitrotyramine (77 mg, 425 pmol) at 0.1 M in DMF was added 2 (1 eq.,146
mg), and DIPEA (2 eq., 148 pL) and the reaction stirred for 2 h. The solvent was removed under
vacuum and the residue resuspended in ~300 pL CH,Cl,, washed with two portions of saturated
sodium bisulfite solution and brine and the solvent removed under reduced pressure. The crude
material was purified using flash chromatography (6:4 - 95:5 ethyl acetate:hexanes), yielding a
pale yellow, flaky solid (59 %). 'H NMR(500 MHz, CDCL,): 8, 2.50 (t, 2H, J=7 Hz), 2.81 (t, 2H,
J=7Hz), 3.48 (t, 2H, J=7 Hz), 3.81 (t, 2H, J=7 Hz), 5.67 (s, 1H), 6.70 (s, 2H), 7.11 (d, 1H, J=9
Hz), 7.44 (d, 1H, J=9 Hz), 7.93 (s, 1H), 10.49 (s, 1H).

Typical MS2 modification with fluorescent dye maleimides. To a solution of N§7C MS2 (100
nmol, 200 pL, 500 uM in 100 mM pH 7.2 phosphate buffer) was added Oregon Green maleimide
(200 nmol, 10 pL, 20 mM in DMSO). The reaction mixture was incubated at rt for 1 h, followed
by purification by size exclusion chromatography (NAP-5) and several spin concentration cycles
until the flow-through was colorless. Longer reaction times and/or higher buffer pH led to de-
tectable double modification. Dye-labeled MS2 monomers were characterized using LC-MS and
the expected mass addition was observed.

Typical procedure for the modification of DARPin cysteine with 3. This procedure was
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analogous to that with the affibody protein described in Chapter 4.

Typical procedure for the reduction of nitrophenol functionalized DARPin. To a solution
of nitrophenol-functionalized DARPin (1 pmol, 500 uM) in 100 mM pH 7 phosphate buffer was
added sodium dithionite (100 mM stock solution in water) to a final concentration of 10 mM.
The reaction was allowed to proceed at room temperature for 5 min and then purified by gel
filtration (NAP) column and subsequent spin concentration against 3 kDa MWCO spin concen-
trators.

Typical procedure for the modification of aniline-MS2 with phenylene-diamine function-
alized targeting group. This procedure was analogous to that with the affibody described in
Chapter 4.

Typical procedure for the modification of aniline-MS2 with aminophenol functionalized
targeting group. An Eppendorf tube was charged with either pAF19 MS2 or N§87C pAF19
MS2 (20 uM) (with the interior cysteine first modified with maleimide reagents), aminophenol-
containing targeting group (0.02-1 mM), and NalO, (2-10 mM). The reaction is carried out in
10 mM pH 7.0 phosphate buffer. The reaction was briefly vortexed and allowed to react at rt for
5 min - 1 h. After an hour, for a 50 puL reaction, the reaction was quenched by the addition of

5 uL of pH 7, 500 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP). For purification,
the sample was first buffer exchanged by gel filtration (NAP) into the desired buffer. The excess
targeting group was then removed by successive centrifugal filtration using 100 kDa molecular
weight cutoff filters (Millipore).

Cell culture. Immortalized human breast cancer cells were maintained according to ATCC
guidelines. MCF-7, MCF-7 Clone 18, SKBR3. MDA-MB-231, MDA-MB-453, Jurkat, L3.6,
HCC1954 cells were from the Tissue Culture Facility, Department of Molecular & Cell Biology,
UC Berkeley, and were grown in DMEM supplemented with 10% FBS.

Flow cytometry of cells exposed to fluorescent capsids. Flow cytometry analysis was acquired
on a FACSCalibur flow cytometer (BD Biosciences, USA) using a standard 488 Ar laser. Data
were collected for at least 10,000 live cells for all experiments. Cells (1x10° cells in 100 pL)
were treated with fluorescent capsids in culture media or 1% FBS and incubated either on ice or
at 37 °C for 30-60 min in Eppendorf tubes or multi-well plates. After incubation, the cells were
washed twice with 1% FBS, suspended in 500 uL 1% FBS, and then analyzed on the flow cy-
tometer.
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