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ABSTRACT

The field of nanotechnology is a rapidly growing field. In the past few decades,
nanoparticles have been utilized for use in biomedical applications with a huge impact in
enhancing diagnostic techniques. Protein cages and virus-like particles are biological
examples of nanoparticles. They are highly symmetric, well-defined architectures made
from multiple protein subunits and can be genetically or chemically engineered to impart
desired new functionalities and have been used for design of nanomaterials for improving
current diagnostic techniques, as discussed in this thesis. One of the main techniques for
diagnosis used today is magnetic resonance imaging (MRI) as it provides good spatial
resolution of soft tissues without using harmful ionizing radiation. However, due to poor
sensitivity of this technique, contrast agents are often utilized by clinicians to aid in
diagnosis of diseased tissues. The main MRI contrast agents used in T;-enhanced
imaging are small Gd-containing molecules. Due to the toxicity of free Gd ions, these
agents are administered in a tightly chelated form. Even in this form, high doses increase
the risk of toxicity. Thus, it is important to reduce overall dosage of these contrast agents.

In this thesis, we discuss design principles for virus-like particle based MRI
contrast agents as next generation diagnostics which can overcome the above mentioned
barriers. Conjugating clinically approved contrast agents to nano-sized virus-like particles
changes the intrinsic properties of the contrast agent, directly impacting and increasing
MRI contrast. Modifying the interior surface of these cage-like containers to grow
functionalizable polymers provides multiple sites for conjugation of small molecule
contrast agents, resulting in high payload of these agents. Modifying the exterior surface
of these cage-like containers to present targeting ligands and enable them to localize at
desired tissues of interest. All three of these design considerations contribute to higher
contrast, significantly lower clinical dose requirements, and allow for safe administration
of Gd (III) ions for enhanced imaging. As gadolinium-based contrast agents are directly
linked with nephrogenic systemic fibrosis, a rare but deadly disease that causes hardening
of tissues and organs, an alternate low-risk metal-complex, Mn (III) porphyrins, has also
been explored for bioconjugation to virus-like particles.



CHAPTER 1

INTRODUCTION

Nanoparticles have made a significant impact in material science for the past few
decades, because they exhibit unique properties (e.g. magnetic, photonic and catalytic)
different from bulk materials. Because the emergent properties of nanoparticles are often
intimately related to their dimension, control of particle size and morphology are
important.

Through millions of years of evolution, nature has developed cage-like protein
assemblies that are designed to encapsulate guest molecules and protect them from the
external environment." ? These protein cage architectures assemble from a distinct
number of subunits to form precisely defined molecular containers in the nanometer-size
range. Conceptually, there are three different interfaces presented by all protein cage
nanoparticles (Figure 1.1). These are the interior and exterior surfaces as well as the
interface between subunits.’ Their interior cavity can provide a confined environment for
selectively directed synthesis of polymers and other cargo while their exterior surface can

provide multivalent platform for imparting targeting ability or stealth ability.
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Figure 1.1: Inside Interface and Outside. Schematic of the three important interfaces of
assembled protein cage architectures that are available for chemical and genetic
manipulation. The outer surface, the interior surface, and the interface between subunits
have all been used for the construction of multivalent, multifunctional protein cage—based
materials. Taken from Douglas et. al. *

Examples of these cage-like architectures are chaperonins,”” DNA-binding

8- 4; 14; 15

proteins,*"* and a very large class of protein cages — viruses. Typically these
protein cages are roughly spherical in shape and represent a range of relatively simple
symmetries including tetrahedral, octahedral, and icosahedral. Materials scientists have
been inspired by the natural function of protein cages and have exploited them as
platforms for development of a wide range of nanomaterials.* '*'® A library of functional
protein cage nanoparticles that serve as platforms for such purposes as biomimetic
materials synthesis, magnetic resonance imaging (MRI) contrast agents, gene therapy,
drug encapsulation, cell specific targeting and catalysis are being developed. All of the
protein cage nanoparticles represented in Figure 1.2, as well as many others, have also
been probed by both chemical and genetic modification for adding non-native

functionality and exploiting the great versatility of protein cage architectures.' > 1?2
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Figure 1.2: Space-filling images of protein cage nanoparticle including viral capsids P22
procapsid form (58 nm diameter) PDB 31YI, CCMV (28 nm) PDB ICWP, CPMV (30
nm) PDB INYZ, MS2 (27nm) PDB 2MS2, QB (30nm) PDB 1QBE, ferritin (12 nm) PDB
2FHA, small heat shock protein (sHsp, 12 nm) PDB ISHS, Lumazine synthase (LS,
15nm) PDB IRVV, and DNA binding protein from starved cells (Dps, 9 nm) PDB IQGH.
The images were reproduced wusing the UCSF Chimera  package
(http://www.cgl.ucsf.edu/chimera/) from the Resource for Biocomputing, Visualization,
and Informatics at the University of California (supported by NIH P41 RR-01081) #’.
Taken from Qazi et. al. 2013. **

Nanoparticles in Biomedical Applications

Over the past few decades, numerous nanoparticles have been engineered for
biomedical applications, due to therapeutic advantages, such as targeted drug delivery
and the potential for early diagnosis and treatment of disease.”~' These delivery vehicles
have two important advantages over delivery of drug or diagnostic agents alone. First,
therapeutic and diagnostic agents can be encapsulated, covalently attached, or adsorbed
on to such nano-carriers, overcoming drug solubility issues. Second, the surface of these
nanoparticles can be functionalized with targeting ligands or polymers to direct their
delivery to specific tissues and cells. Such approaches may enhance detection sensitivity

in medical imaging, improve therapeutic effectiveness, and decrease side effects.



4
Ultimately, these nanoparticles can be multifunctional carriers for targeting cell receptors
and simultaneously deliver drugs or diagnostic agents to the desired tissue target.”’ The
next section will focus on advantages for using nanoparticles for diagnostics, in particular
for their use in magnetic resonance imaging.

Development of Nanoparticle Contrast
Agents for Magnetic Resonance Imaging

Medical imaging has been a technique used by clinicians to diagnose ailments of
the body for over a century now. Magnetic resonance imaging (MRI) provides high-
resolution images without employing harmful ionizing radiation which some of the other
techniques - x-rays, cat scans, and positron emission tomography - employ. Instead, as
the name implies, MRI uses nuclear magnetic resonance (NMR) to observe signals from
'H nuclei spins of water molecules in the body, and using Fourier Transform, these
signals are converted into a 3-dimensional image.

When a sample is placed in a static magnetic field, By, the spins of the 'H proton
nuclei (spin quantum number | = '%) are split in 2[+1=2 energy states. Boltzmann’s law
governs the populations of these two states. At equilibrium, the lower energy state, N,
(m=+}2), 1s more populated than the higher energy state, Ng (m=-'2). The vector sum of
these spins can be represented as net magnetization, My, with the magnetic moments p
aligned along By (z-axis) (Figure 1.3b). These magnetic moments p revolve around the
external magnetic field By with an angular velocity known as the Larmor frequency, o,

which is identical to the angular velocity, ® , required to obtain a transition between the
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two energy states of the nucleus.*> The angular velocity is in turn related to the static

magnetic field according to

wo = ¥By (eq 1.1)

where y is the nuclear gyromagnetic ratio. For a hydrogen atom, y = 42.58 MHz/T.

At equilibrium, the magnetic moments p precess around By incoherently, or out-
of-phase (Figure 1.3b). When a radiofrequency (RF) pulse is applied to the sample, two
things occur. First, there is an equal population of the lower energy state, N, (m=+'2) and
the higher energy state, Ng (m=-%2). Also, the magnetic moments p precess around By in-

phase. Consequently, this shifts M, from the z-axis to the xy-plane (Figure 1.3c).

a) QSH'Q b)
g.oRa °
o9

Figure 1.3: Hydrogen proton magnetization. a) Spins (black arrows) of water hydrogen
protons (red circles) precess around individual magnetic fields and are randomly oriented
when body is at rest. b) When body is in MRI scanner, proton spins precess around
magnetic field of scanner (By) (blue arrows) with net magnetization in positive z-axis
(red arrow). c) After a series of radiofrequency (RF) pulses are applied, spins orient up
and down in same amount (blue arrows), canceling net magnetization in z-axis, and
precess in-phase, shifting net magnetization is in xy-axis (red arrow). Modified from
http://www.cardiff.ac.uk/biosi/researchsites/emric/basics.html.

As spins return or “relax” to thermal equilibrium states, two processes occur
simultaneously. First, spins re-align with magnetic field By to re-establish Boltzmann

distribution, resulting in an exponential signal growth in the z-axis. This is a spin-lattice


http://www.cardiff.ac.uk/biosi/researchsites/emric/basics.html
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effect, and referred to as T;-longitudtional relaxation. (Figure 1.4a) T, is a time constant
defined as when magnetization (M) recovers 63% of equilibrium magnetization or

saturation (M).

M,(t) = M,(1— e_t/Tl) (eq1.2)

At the same time, spins start to de-phase which results in an exponential signal
decay in the xy-axis. This is a spin-spin effect, and referred to as T,-transverse relaxation.
T, is also a time constant defined as when magnetization (M,) decays 37% from

equilibrium magnetization or saturation (My). (Figure 1.4b)

M,(t) = Mz(e_t/Tz) (eq 1.3)

T1 longitudinal relaxation T2 transverse relaxation

Figure 1.4: T; and T, relaxation. After a radiofrequency pulse is applied, the spins return
to equilibrium state and two things happen simultaneously. a) The spins return to mostly
aligned with the magnetic field of the MRI scanner, resulting in a gain in magnetization
in the z-axis, and is called T; longitudinal relaxation process. b) The spins start
precessing out of phase, resulting in a loss in magnetization in the xy-axis, and is called
T, transverse relaxation process. T1 relaxation is due to spin-lattice effect while T,
relaxation is due to spin-spin effect. Modified
http://www.cardiff.ac.uk/biosi/researchsites/emric/basics.html.
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The amount and mobility of these spins vary from tissue to tissue, thus the time it
takes for the spins to return to equilibrium also vary. The signal collected is transformed
into an image via Fourier Transform. The clinicians can manipulate the signal collection
to be either T,-weighted, watching a gain in magnetization signal (producing bright
images) or T,-weighted, watching a loss in magnetization signal (producing dark
images), where short T,’s give bright spots and short T,’s give dark spots.

Despite the high resolution images, the technique is limited in sensitivity. This
generally requires use of contrast agents which act as catalysts to enhance sensitivity for
both the T; and T, relaxation process. The properties of the contrast agent determine
whether they are more suited for Ti-enhanced contrast or T,-enhanced contrast. The use
of paramagnetic ions, such as Fe (III), Mn (II), and Gd (III), as contrast agents for MRI
have been commonplace in the last 40 years or so, with Gd being the most widely used
for Ti-enhanced contrast™ and Fe for T,-enhanced contrast. For the scope of this thesis,
only T;-enhanced contrast agents will be discussed from here on out. Gd (III) is by far the
most effective Ti-enhanced contrast agent because it has favorable electronic properties
for relaxing water proton spins quicker, with its slow electron spin and 7 unpaired
electrons.” The main issue with Gd (III) ions is its toxicity. If administered as the free
ion to the body, Gd has the potential to precipitate and can undergo transmetallation with
vital metals, i.e. copper, calcium, or zinc, which are needed for the body to function. This
would be lethal to the body, thus for safety, it is always administered in a chelated form.
Most common ligands are linear DTPA (Figure 1.5a) and circular DOTA (Figure 1.5b)

and their derivatives. The important thing to keep in mind is binding affinity must be
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strong and agents must be soluble in bloodstream as mostly it’s administered

intravenously.
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Figure 1.5: Small molecule contrast agents. a) DTPA-Gd is a common contrast agent
used clinically, under the name Magnevist. b) DOTA-Gd is a common contrast agent
used clinically, under the name Dotarem. c¢) A new ligand, HOPO, is being developed by
Raymond lab in Berkeley, for binding of more water molecules to Gd, without
compromising binding affinity. This is currently not available commercially. Common
derivatives of DTPA and DOTA usually substitute a carboxyl arm for an amine, which
result in lower binding affinity between ligand and metal, and raises concerns about
toxicity.

The ability for a contrast agent to enhance image contrast is directly proportional
to its relaxivity, rj, that is, to the longitudinal relaxation rate increase of bulk water-
molecules by the paramagnetic ion as defined by the principles of Solomon-

2% 26 3840 7t g calculated by

Bloembergen-Morgan (SBM) theory for relaxivity.
subtracting 1/T mo (diamagnetic contribution from pure water) from 1/T; s (Observed
relaxation time) of the solution containing the Gd complex, normalized to 1 mM Gd
concentration. (eq. 1.4).>° Tt is reported in values of mM ™"+ s™' on a per mM Gd basis. Fast

water relaxation is desired, thus the greater the r; value, the greater the contrast agent

performance.

r1 = (1/Tyobs — 1/T1 120)/[Gd] (eq. 1.4)
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There are two contributions to relaxivity: an inner-sphere contribution, where
water is directly bound to Gd, and outer-sphere contribution, where water is in bulk but
still interacting with Gd. The outer-sphere relaxation is not well understood. From here-
on, we will discuss inner-sphere contribution only which is given by eq. 1.5, where q is
the number of coordinated water molecules, t, is the water residence lifetime, and 1/T

is the longitudinal relaxation rate.

T = 1 ( : ) (eq. 1.5)

The longitudinal proton relaxation rate, 1/T;,, represents the sum of dipolar
(through-space) and scalar (through-bond) mechanisms, where the scalar contribution is
relatively small and often neglected.”* The dipolar contribution includes another
important term, T, the rotational correlation time, which is directly proportional to r;. To
see full equations for the dipolar contribution, see Appendix B, Equation B1.

From the many parameters that effect relaxivity, q, tm, and 1. have the most
influence on inner-sphere relaxation and are tunable (Figure 1.6). Optimal relaxivity
occurs with the following conditions: q should be maximized, t,, should be optimized,
and t, should be maximized, however there is a point where increase in 1, no longer

34-36

increases relaxivity. These values for some small molecule contrast agents are listed

in Table 1.1.
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U # of H,0 molecules bound
...-- © + Tu  H,0 exchange lifetime

.-q Tz rotational correlation time

Figure 1.6: Clinically used T;-enhanced contrast agent (Magnevist) with Gd** ion
chelated to DTPA; parameters that affect r; relaxivity: q, T, and 1. Taken from Liepold

et. al.

136

Ligand Log KgaL Tm(ns) | T, (ns) | ry (mM'l's'l) @
20 MHz
DOTA 24 122 53 3.6
DTPA 22 143 54 3.8
HOPO 21 20 15 9.0

Table 1.1: Comparison of relaxivity parameters for small molecule contrast agents

Most contrast agents have q=1, because DTPA and DOTA are octadentate,
leaving only one-coordination site for Gd. However, q=2 ligands exist, with the
compromise of significantly reducing binding affinity. One successful ligand which has
high binding affinity and q=2 is HOPO and its derivatives (see Figure 1.5c/Table 1).
These are fairly new ligands synthesized and well-studied in the Raymond group at
Berkeley.” The main issue with HOPO-chelators is solubility which is currently being
addressed by the group. The easiest of the three parameters to tune is 1.. By conjugating
DTPA-Gd to macromolecules, such as proteins, we can significantly increase t,, thus
increasing relaxivity. This effect can be seen on a plot of relaxivity as a function of field
strength, the nuclear magnetic dispersion profile (NMRD) (Figure 1.7). When small
molecule contrast agents are conjugated to macromolecules, the dependence of relaxivity

on field strength becomes clear. Conjugation of small molecules to nanoparticles are
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well-studied and many bifunctional ligands of commercially available FDA-approved
contrast agents are readily available, making it very easy for bioconjugation of small
molecule contrast agents to larger nanoparticle platforms. Some of these bioconjugation

techniques will be discussed further in Chapter 2.
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Figure 1.7. Nuclear magnetic dispersion profile (NMRD) of small molecule Gd-based
contrast agent with (black squares) and without (black circles) bovine serum albumin
(BSA) protein. Large increase in relaxivity due to slower tumbling of contrast agent, thus

increased rotational correlation time (t;), consequently increasing relaxivity (r;) with a
maximum at 30 MHz. Taken from Caravan et. al. 1999.%

Over the past few decades, many nanoparticle platforms including lipid-based
colloidal aggregates,*® *° linear polymers,* dendrimers,*' nanodiamonds,* silica, gold,
protein cages and virus-like particles (VLPs)* 2 ®* have been explored as efficient
nanoparticle platforms for MRI contrast agents (Figure 1.8). Nanoparticles not only
provide the basis for increasing t.,"**® but have two additional benefits in that large
payloads of imaging agent can be delivered per nanoparticle and the nanoparticle can be

directed to a specific molecular target.*” ***° This introduces a new term, instead of just
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relaxivity per mM Gd, we now can consider relaxivity delivered per particle based on
loading of Gd/particle. Thus, nanoparticle based MRI contrast agents can provide
significant improvements in traditional biological imaging of cells and tissues and have

potential to have highly desirable properties which clinicians seek.

micelles Proteins or

virus capsides
dendrimers s& gy
Do Y s

Nancemulsions
(PFC NPs or SLNs)

liposomes

Figure 1.8: Some examples of nanoparticles as Gd-based MRI contrast agents represented
in their size range. Modified from Botta et. al. 2012.%°

All the nanoparticle platforms have benefits and disadvantages, which will be
discussed briefly here. Lipid based nanoparticles have the benefit of being highly
multivalent, thus having many sites where Gd can bind, resulting in a high loading
delivery system. However, as Gd needs to directly interact with water to result in efficient
relaxivity, lipid based systems have the downside of reduced water access to its
hydrophobic center. So, only Gd on surface of lipids is accessible. There are also issues
with controlled size of lipids and possibility of producing multilayer lipids. These issues
make lipid-based systems difficult to characterize. Polymer and dendrimer-based systems

also are highly multivalent but can also be highly polydisperse, again making them hard
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to characterize. In addition, it has been found that close proximity between Gd-Gd ions
has a negative impact on relaxivity which can occur in high generation dendrimers.

J . -4
Silica, gold, nanodiamonds®” #°

or other carbon based systems have been shown to have a
very positive effect on relaxivity and are being explored further by other groups. Lastly,
protein cages and virus-like particles (VLP) are a new generation of nanoparticle based
contrast agents. ¢ ' 92 26:39

These VLP based systems are greatly advantageous over the other systems for
multiple reasons. First, they are well-controlled monodisperse, multivalent particles.
They form into shell-like structures from multiple copies/subunits of proteins. The
protein is a natural polymer that has modifiable surfaces with amino acid side chains such
as primary amines of lysine, carboxyl groups of glutamic acid, or sulfur reactive groups
of cysteine. In addition they can be genetically manipulated to have controlled
addressable reactive groups from point mutations or even add certain small peptides as
targeting ligands to bind to specific cell targets. 2> >*

Due to the potential for enhancement of the loading capacity of protein
architectures by building polymer scaffolds inside the empty inner sphere of protein

cages, protein-polymer composites hold great promise as metal chelate carriers for next

generation MRI contrast agents, and has been the main focus of this thesis.

Research Directions

The work described in this thesis has been inspired by the unique properties of

nanoparticles which make them desirable for biomedical applications, specifically in the
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design of Ti-enhanced MRI contrast agents from virus-like particles. In Chapter 3, the
exterior surface of QP has been modified via two different bioconjugation techniques, Cu
(D) catalyzed “click” chemistry (AACC) and atom transfer radical polymerization
(ATRP). The ATRP polymer was subsequently functionalized with a small molecule
contrast agent, Gd-DOTA. This construct had high loading capacity, and consequently
had high ionic and particle relaxivities. In Chapter 4, the AACC approach of step-wise
polymerization was extended to a larger virus-like particle, P22, up to generation 4.5.
Instead of modifying the exterior surface, as was done with QP, the polymer was
constrained to the interior surface of the capsid, such that the exterior surface was
available for attachment of targeting ligands. The “click” polymer was functionalized
with a different small molecule contrast agent, Gd-DTPA. By using a larger particle, the
loading capacity was increased leading to higher ionic and particle relaxivities than with
Qp. In Chapter 5, ATRP was utilized to modify the full interior cavity of P22, in a simple
one-step reaction, and subsequently labeled with Gd-DTPA. This resulted in one of the
highest reported particle relaxivities of an MRI contrast agent to date. In Chapter 6,
manganese porphyrins are conjugated to P22-ATRP in high payload. Manganese is
explored as a Tj-enhanced contrast agent as an alternative to gadolinium based contrast
agents, due to associated toxicity with gadolinium. Chapter 7 explores modification of the
exterior surface of P22 for attachment of targeting ligands using two approaches, toward

detection of atherosclerosis.
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CHAPTER 2

BACKGROUND

The virus-like particle nanoparticle based MRI contrast agents described in the
following chapters were inspired from viruses and virus-like particles. This chapter will
discuss some general information and additional background on the virus-like particle
platforms used in this thesis and the techniques used to modify these particles for use as
MRI contrast agents. Additional background will be provided on three important design
principles for developing protein cage nanoparticles as MRI contrast agents: 1)
Increasing rotational correlation time (t;) of Gd-based small molecule contrast agents and
general bioconjugation techniques. 2) Use of virus-like particles and protein cage
nanoparticles to achieve high payload of Gd-based small molecule contrast agents. 3)
Potential targets and display of targets on virus-like particles. In addition, potential

toxicity issues with these particles will be discussed.

Viruses and Virus-Like Particles

Viruses and virus-like particles, an abundant subclass of protein cage
nanoparticles,”’” are exquisite examples of supramolecular assembly that represents the
organization of subunits into a precisely defined, stable protein cage.® Viruses come in
many shapes and sizes and are extremely diverse in their life cycles and mechanisms of
infection (Figure 2.1). However, many share a common structure based on icosahedral
symmetry, consisting of an inner core of condensed nucleic acid within a spherical

protein capsid. All viruses function by using protein or protein/lipid capsids in order to
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protect and transport their nucleic acid to a host cell. They are metastable structures
poised between the stability required for packaging and transport and the necessary
instability associated with cargo release and infection. Many viruses package their
genomic nucleic acid through non-covalent electrostatic interactions with the protein cage
interface or through physical packaging at extremely high pressure, which indicates the

unique distinction between the interior and exterior surfaces.
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Figure 2.1: Different size and shape of viruses. Retrieved from
http://learnsomescience.com/ microbiology/viruses-viroids-and-prions.

Virus-like particles, devoid of their genetic material, allow for significant
flexibility with respect to cargo loading, targeting abilities, and controlled morphology of
the capsids, and are thus desirable platforms for materials scientists and biomedical
applications.” * This dissertation focuses mainly on the manipulation of P22 virus-like
particles for the design and construction of MRI contrast agents, and will be discussed in

more detail in the following section.


http://learnsomescience.com/microbiology/viruses-viroids-and-prions/
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Bacteriophage P22

The bacteriophage P22, which infects Salmonella typhimurium, has been
extensively studied over the years as a model system for virus assembly for double
stranded DNA (dsDNA) viruses.”® ® Like most dsDNA viruses, assembly is a 2-step
process. '° In the first step, a precursor capsid is formed, denoted as the procapsid. In the
second part of the process, dsDNA is packaged into the procapsids via an assumed ATP

hydrolyzing complex.”" ™

The assembly process of the icosahedral (T=7) short-tailed
P22 bacteriophage is complex and consists of multiple gene products (gp) as outlined in
Figure 2.2.” The procapsid is formed from gp5 (coat protein), gp8 (scaffold protein), and
gpl (portal protein), along with other gene products (Figure 2.21). Attachment of gp2 and
gp3 initiate the maturation process and packaging of DNA (Figure 2.2ii). As DNA is
packaged, two critical structural changes occur: 1) gp8 (scaffold protein) leaves the
capsid (Figure 2.2ii1) and 2) P22 capsid expands by 10% in linear dimension and doubles
in volume (Figure 2.2iv), changing morphology into a mature expanded form. Once the
DNA is packaged to full capacity, referred to as a “headful” mechanism, gene products

for terminase (Figure 2.2iv) and tail spike (Figure 2.2v) attach to gp1 (portal protein), and

the capsid becomes infectious, ready to infect a host cell.
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Figure 2.2: Assembly process of bacteriophage P22. (Adapted from Lander et. al.”)

It has been shown that the 58 nm P22 procapsid (PC) can self-assemble in a non-
infectious form, produced recombinantly in E. coli, using only gp5 (coat protein) and gp8

(scaffold protein).”*"®

This procapsid (PC) assembles from 420 subunit copies of a 46.6
kDa coat protein and up to 300 copies of a 33.6 kDa scaffold protein. The procapsid (PC)
form can further undergo structural transformations which result in three different stable
morphologies; empty shell (ES, 58 nm), expanded shell (EX, 64 nm) and wiffleball (WB,
64 nm), Figure 2.3. Upon treatment with guanidine hydrochloride (GuHCI), the scaffold

protein leaves procapsid, making empty shell (ES).”®!

If the procapsid or empty shell is
heated to 65°C for 20 min, it undergoes a conformational change with an expansion of
10% in diameter and doubles in volume, resulting in a morphology similar to expanded
head of P22 with packaged DNA, and it is called expanded form (EX).* If procapsid or
expanded shell is heated to 75°C for 20 min, then it undergoes another conformational
change to the wiffleball (WB) form, where twelve of the pentamers in the icosahedron

76; 77, 83

are ejected leaving large 10 nm pores on the structure. This form is not
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biologically relevant in the life cycle of the bacteriophage, but is relevant in the design

and utility of nanoparticles for easy exchange between the environment and capsid

interior.
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Figure 2.3: Non-infectious P22. (Adapted from Lander et. al.”)

Empty Shell (ES)

Because structural models exist for P22 capsid in all three of its forms (Figure
2.4), rationally designing and genetically engineering the capsid for site-selective

modification exclusively to the interior or exterior surface of the capsid is possible.

Figure 2.4. A 17 A resolution asymmetric reconstruction of the infectious P22 virion (A).
Cryo-EM reconstruction, showing exterior surface of capsid, of PC and ES, PDB ID:
3IYI (B), EX, PDB ID: 2XYZ (C) and WB, PDB ID: 3IYH (D). Cutaway views, showing
interior surface of capsid, of infectious P22 virion (E), PC and ES (F), EX (G), and WB
(H). Images were made using UCSF chimera, with the exception of (A) and (E), which
were adapted from Lander et. al.”
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Techniques for Achieving High Payload
of Contrast in Virus-Like Particles

Several groups have made important contributions in the development of virus-
like particle nanoparticles as MRI contrast agents. To date, there are four major
categories, 1) endogenous metal binding sites,* 2) genetic insertion of a metal binding

peptide,44 3) chemical attachment of small molecule chelates, > 2%

and 4) protein-
polymer hybrid particles.”’ The majority of these complexes have been synthesized by
chemically attaching derivatives of clinically employed contrast agents, such as Gd-
DOTA (Dotarem), Gd-DTPA (Magnevist), and Gd-HOPO,® directly to functional groups
on these protein cages.

The first chemists to turn toward the study and application of a viral scaffold as a
candidate for complexation of gadolinium were Allen et. al.*, with their study of the 28
nm-sized cowpea chlorotic mottle virus (CCMV) which offers 180 intrinsic metal
binding sites at the three-fold axes of the icosahedral capsid structure. Under
physiological conditions Ca*" ions are bound to these sites, which were replaced with up
to 140 Gd*" or Tb’" ions. In a subsequent study, genetic engineering was used to
incorporate metal binding peptides to further enhance Gd-loading and affinity, yielding
loadings of 172 Gd per CCMV,* which still holds the highest relaxivity value per Gd
reported to date. However, in both cases, the particles could not be utilized for in vivo
applications, due to low binding affinity of Gd to the endogenous and engineered binding

sites of CCMV, thus increasing potential risk of toxicity of releasing Gd. An alternative

approach to get high payload of Gd without the risk of releasing free Gd was
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bioconjugation of highly stable NHS-DOTA-Gd to endogenous lysines on CCMV
resulting in 60 Gd-DOTA per CCMV.**

Other systems have also been utilized for high payload of Gd. The 30 nm-sized
cowpea mosaic virus (CPMV) underwent a two-step bioconjugation protocol to
covalently link Gd-DOTA to its exterior surfaces via azide-alkyne click chemistry to
yield 80 Gd per CPMV.* The Francis Lab at UC Berkeley has focused their efforts
toward engineering the 27 nm-sized bacteriophage MS2 for high payload of Gd, utilizing
a HOPO-chelator to conjugate to the surface of MS2, resulting in loadings ranging from
81-180 Gd per MS2.** 2 ® To attain even higher loading per virus-like particle,
constrained polymer networks can be grown inside these nanocontainers which contain
functional groups for bioconjugation of small molecule contrast agents. Some

polymerization techniques will be discussed in the next section.

Polymer Formation Inside Protein Cages Nanoparticles

There are two well-established methods for conjugating polymers to proteins,
“grafting to” and “grafting from”. The “grafting to” method involves synthesis of
polymers with reactive chain-ends, which are subsequently attached to reactive groups on
amino acid side chains of proteins and small peptides, the best known example being
PEGylation of a protein.”” This method has several shortcomings, including steric
hindrance between protein/peptide and polymer, issues with separating final product from
excess polymer, and typically results in a heterogeneous product which can be a problem

for biological applications.®®
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In contrast, the “grafting from” approach, involves first attaching a small polymer
initiator molecule to the protein, followed by growing the desired polymer from the
initiator. By using this approach, steric hindrance is significantly reduced and conjugation
efficiency is enhanced.* This approach produces two new problems: (1) synthesis of site-
specific/stoichiometric conjugates in order to produce homogenous products and (2)
growing the polymer from the protein in an aqueous environment.

The issue of site-specific conjugation can be easily dealt with when using protein
cage nanoparticles as platforms, due to their controlled assembly and ability to be
genetically and chemically modified at known sites. Among others,”’ two methods of
polymerization have been adapted for synthesis under aqueous solutions, Cu (I) catalyzed
azide alkyne cycloaddition “click” chemistry (AACC)’'™ which is a step-wise
polymerization technique and atom transfer radical polymerization (ATRP),”*'” a
standard example of the “grafting from” method. Both of these methods have been
explored as polymerization techniques on the surface of Qp (see Chapter 3) and interior
surface of P22 capsids (See Chapters 4-6), for further functionalization toward its design

as Tj-enhanced MRI contrast agents. The following sections will cover these methods in

more detail.

Azide-Alkyne Click Chemistry (AACC)

The term “click chemistry” was first coined by Sharpless et. al. in 2001,""

though [3+2] cycloadditions were introduced years ago by Huisgen{, 1961 #289}, and
since have been employed by many researchers due to its simplicity. The chemistry

involves a [3+2] cycloaddition between an azide and an alkyne and affords a 1,2,3-
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triazole. However, this reaction yields both the 1,4- and 1,5-regioisomer addition
products, see Figure 2.5.% In 2002, it was shown independently by Sharpless et. al”> and
Meldal et. al.'®* that a copper (I) catalysis of the 1,3-dipolar azide—alkyne cycloaddition
(AACC) between an azide and a terminal alkyne results exclusively in the 1,4-

regioisomer (Figure 2.5).
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Figure 2.5: Azide-alkyne click chemistry in the presence of Cu (I) catalyst (1) versus heat
(2). Adapted from Xi et. al. 2014. *°

Considerable work has been done to improve the compatibility and efficiency of
this click chemistry with biomolecules employed for the addition of peptides,
fluorophores, and glycopolymers on the surface of protein cages.'®" ' ' Under
biomolecule amenable conditions, the alkyne and azide functional groups are coupled
through hetero [3+2] cycloaddition reactions mediated by a Cu (I) catalyst in the presence
of a Cu-binding ligand, THPTA.'% % This chemistry has been extensively explored by
the Finn group for application to protein cages with the development of reaction
modifications to protect the protein component and ensuring retention of the copper
catalyst activity. Early applications of this approach include the click based attachment of

Gd-MRI contrast agents to CPMV.* While effective, the reagents required that all



24
reactions be performed in a strict inert atmosphere. Further improvements to the process
were made by changing the copper ligand and through the addition of molecules (such as
amino guanidine for protection against protein damage) to the mixture, which allow the
reaction to be mixed in a sealed vessel without extensive treatment to keep the reaction
anoxic.'” In this reaction mixture, any oxidized copper is regenerated by the presence of
sodium ascorbate, while amino guanidine acts as a radical scavenger protecting the
protein from reactive species generated by the sodium ascorbate and copper. These
modified conditions have provided a streamlined path towards a variety of protein-
conjugate type syntheses. This reaction type, while useful for the specific coupling of
molecules to proteins, can also be used iteratively for the stepwise formation of a
polymer, similar to the formation of a dendrimer. Click chemistry has been applied

36; 51; 107

towards the synthesis of addressable organic polymers inside both sHsp and the

P22 VLP'®® (See Chapter 4) for the formation of an improved MRI contrast agent.

Atom Transfer Radical
Polymerization (ATRP)

Of the several continuous biomolecule-anchored polymerization methods, the use
of ATRP is particularly suited for improved formation of polymers inside protein cages.
This method is not only rapid, monomer promiscuous, and results in products with
relatively low polydispersity, but also the simplicity of the ATRP initiator means that it
can be readily modified for amending to biomolecules (Figure 2.6). By combining ATRP
with a container-like protein, the formation of a polymer scaffold constrained to the

interior of protein cage nanoparticles can be afforded in a single short reaction.
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Figure 2.6: The activation-deactivation equilibrium in atom transfer radical
polymerization (ATRP). Taken from Droumaguet et. al. 2010 o7

The first report of using ATRP as a grafting-from method describes the
modification of streptavidin with a modified biotin initiator for the successful growth of
N-isopropyl acrylamide polymers (NIPAM).'” Another early report of this method
describes the use of BSA or lysozyme with a NIPAM polymer grown from a cysteine
attached initiation site."' This approach has been used to build protein-polymer
composites on surfaces of virus-like particles for bioconjugation to small molecule
contrast agents, which result in high payload of contrast and high particle relaxivities.

Techniques for Increasing Rotational
Correlation Time, 1,

An additional advantage of using virus-like particles and other nanoparticles as
platforms for MRI contrast agent development is the slow tumbling rates of these large
macromolecular structures. The Solomon-Bloembergen-Morgan theory of paramagnetic
relaxivity enhancement predicts that increasing the rotational correlation time of a
paramagnetic ion (i.e. Gd°*) which has a relatively long electronic relaxation time will

increase the ion’s relaxivity in the range of clinically relevant field strengths.''™""* The
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molecular dynamics of such paramagnetic ions dominate the dipole — dipole interactions
between their unpaired electrons and the water protons in the inner shell.''* '
Macromolecules, such as polymers, dendrimers, lipids, gold nanoparticles, silica, and
protein-based systems have a bulky physical structure which in turn results in slow
rotation of the large molecules. By coupling a small molecule contrast agent or
paramagnetic ion to these larger structures, the rotational correlation time, tg, is increased
and consequently results in enhanced relaxivity and more enhancement per unit dose of
the paramagnetic ion.''® Some of the common ways to reduce contrast agent mobility has
been (1) distributing the agent into a tissue with high viscosity. (2) Non-covalent binding
of the complex to macromolecule. (3) Covalent attachment of the complex to
macromolecules.

Distributing the agent into a tissue with high viscosity is not so much as a
technique for reducing rotational correlation time, as it is to better understand how
relaxivity changes in aqueous solutions versus in an in vivo environment. Small molecule
contrast agents, such as Gd-DTPA, localize primarily in the intravascular and interstitial
compartments of tissues and have similar relaxivities to those observed in aqueous
solutions. On the other hand, studies have revealed modest increases in 1, of small
molecule imaging agents in intracellular environments which exhibit higher viscosity as
compared to aqueous solutions.''”* ''*

Non-covalent binding of gadolinium complexes to high molecular weight,

endogenous proteins theoretically presented an ideal situation, where the macromolecule

would allow the contrast agent to have longer retention time and longer t, and higher
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contrast in the body, while non-covalent binding allows rapid renal clearance of the small
molecule contrast agent. Lauffer et. al.'"’ first investigated reversible binding of MS-35,
an amphiphilic, monomeric, gadolinium (III) chelate, to small serum protein albumin.
Although albumin-bound agent had greater relaxivity, imaging instruments could not
differentiate among enhancement from the free MS-35 and protein bound MS-35 forms,
and thus, the signal represented a dynamic average of the relative proportion of the two
states of the contrast agent.

Instead, by rigidly attaching chelates to macromolecular agents, contrast
enhancement would be represented by a single population. The choice of the Gd (III)-
chelate to be used in the conjugation with the macromolecular system depends on the
functional group present on the macromolecule. Bifunctional chelating agents containing
a polyamino polycarboxylic ligand (i.e DTPA or DOTA and their derivatives) are
capable of strongly coordinating the Gd>* ion on one side while a functional group on the
other side is able to form a stable covalent bond with the carrier.'*” These agents can be
conjugated through a large variety of chemical bonds, the most common being the amide,
through reaction with an activated carboxyl acid with an amine, and thiourea, via reaction
of a thioisocyanate with an amine. Other linkages can be obtained through reaction of
maleimides or disulfides with thiols, aldehydes or isocyanates with amines. In addition to
these more traditional conjugation chemistries, orthogonal chemistries such as Cu(l)-
catalyzed azide-alkyne cycloaddition (click chemistry)’?, diazonium coupling, and oxime
ligation are highly efficient alternatives. This is helpful when reagents are scarce,

expensive or if water solubility is a problem. Silica and gold nanoparticles can also be
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conjugated with bifunctioncal chelators which have trimethoxy and thiol groups,

respectively.'!

Targeting

Nanoparticles in the size range of 20-200 nm can accumulate inside the
interstitial space at sites of inflammation or diseased tissues, due to increased pore size at

. 122
these sites.

This phenomenon is known as the enhanced permeability and retention
(EPR) effect, and can been exploited for the passive targeting of disease.'** '** The EPR
effect has been observed with a variety of nanoparticle systems including polymers,
liposomes, and protein cages.'” In addition to passive targeting, protein cages can also
be modified with various ligands to generate targeting through molecular recognition of
molecules on specific cells or tissues.

Phage display is a powerful technique utilizing the protein cages of infectious
virions for the isolation of peptides or capsids that bind to target molecules. DNA
technology is used to construct a library of phages, and successive binding and isolation
steps are used to select phages with the highest affinity for substrates of interest. These
steps ultimately lead to a fairly homogenous population, for which the binding regions of
a phage of interest can be isolated and sequenced. In vivo phage display has resulted in
the identification of peptides that recognize proteins upregulated in certain tissues or
disease states. The RGD,'*® LyP-1,'” and VCAM-1'** peptides were some of the first

isolated sequences for in vivo targeting and have been displayed on a variety of surfaces

for cell adhesion and targeting applications. Targeting peptides for integrins expressed on
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cell surfaces'’ or for specific cellular compartments have been extensively used to direct
the location of protein cage platforms.129 Targeting allows for the localization of an

130

imaging agent or drug. ” The expression of the RGD peptide on surface of virus-like

particles is explored in Chapter 7.

Toxicity and Immunogenic Response Associated
with Gd-Loaded Virus-Like Particles

Nephrogenic Systemic Fibrosis (NSF)

Administering gadolinium based contrast agents (GBCAs) for magnetic resonance
imaging (MRI) is pretty common practice and known to be safe to be administered at low
doses. Although quite rare, nephrogenic systemic fibrosis (NSF) is a very serious

condition that occurs in 6% of patients exposed to GBCAs."!

The first reports of
nephrogenic systemic fibrosis (NSF) were made in the 90s, and links between NSF and
GBCAs were established in 2006. Time has shown that two factors are important for the
development of NSF: (1) reduced renal function and (2) exposure to one of the less stable
gadolinium-based contrast agents.'>' "%

NSF is a disorder that causes hardening of the skin and some organs and could be
lethal. The mechanism for disease occurrence is unknown, although it is speculated that it
is free Gd, not the Gd-ligand complex, which undergoes transmetallation with essential
metals in the body, i.e. Zn, Cu, Ca, and signals a cascade reaction from the immune
system which causes NSF. The most reported cases of NSF are associated with non-

linear, non-ionic GBCAs, due to them being the least stable metal-ligand complex.144

This aspect should be considered in design principles of macromolecular GBCAs. Now
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that it has been brought to the attention of physicians and radiologist community, the
occurrence of NSF has been reduced. However, it is important to look for safe
alternatives such that patients with renal failure who need contrast agent MRIs have an

option. One such option using Mn (III) porphyrins has been explored in Chapter 6.

Immunological Concerns

Although not covered in this thesis, immunological concerns in developing virus-
like particles for in vivo applications should be addressed. While recognition of VLP
platforms holds tremendous potential for medical applications, the immunogenicity of
these architectures may limit their usefulness. Nanomedical applications that require
more than one administration of the cage are bound to face increasing scrutiny due to the
difference between the primary and secondary immunes, resulting in uncertainties about
the in vivo effects of the protein cage therapeutic upon a second administration.
Therefore, the design of protein cages that require only one administration or the usage of
these constructs in situations where the potential benefit is greater than the risk involved
may prove more fruitful for in vivo applications. An alternative approach is the masking
of protein cages such that they are not as easily recognized by the immune system, and
polymer coated particles show potential in this area. The masking of the exterior of
protein cage surfaces from the immune system for applications in which immune
responses are not desired can be accomplished through decoration of protein cages with
homogenous polymers such as polyethylene glycol. Pegylation of CPMV?* and MS2”
capsids resulted in the reduction of antibodies generated against these constructs.

Pegylation can inhibit proteolytic degradation and extend the circulation time of drug
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. . . 14 .. . .
carriers in vivo.'” A more recent strategy to mitigate 1mmune responses to carriers
involves the decoration of carriers with “self” molecules or peptides to inhibit

recognition.'**

Conclusion

Viruses and virus-like particles are the inspiration for this work. In this thesis, the
use of virus-like particles as nano-platforms for MRI contrast agent development and
enhancement will be discussed. Three important design principles govern the
modifications made to the virus-like particles: 1) Increasing rotational correlation time
(t;) of Gd-based small molecule contrast agents. 2) High payload of Gd-based small
molecule contrast agents per virus-like particle. 3) Expression of targeting peptides for
display on surface of virus-like particles. Building organic polymers in virus-like
particles provides not only a means to stabilize the architecture, but also a means to create
a high density of attachment sites for active molecules such as Gd-chelates. Future viral
capsid based materials will likely enable the development of a clinically translatable MR
imaging probe for diagnosis of atherosclerosis using a disease-targeted virus capsid
which may give insight into potential treatment of the disease. In addition, potential

toxicity issues were discussed and alternatives were suggested.
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Abstract

Viruses and virus-like particles (VLPs) are useful tools in biomedical research.
Their defined structural attributes make them attractive platforms for engineered
interactions over large molecular surface areas. In this report, we describe the use of
VLPs as multivalent macroinitiators for atom transfer radical polymerization (ATRP).
The introduction of chemically reactive monomers during polymerization provides a
robust platform for post-synthetic modification via the copper-catalyzed azide-alkyne
cycloaddition reaction. These results provide the basis to construct nanoparticle delivery

vehicles and imaging agents using protein-polymer conjugates.

Introduction

Synthetic polymers are chemically diverse in terms of their size and composition,
and have long been used for the display of multiple copies of functional units. In contrast
to their synthetic counterparts, biopolymers such as viruses and virus-like particles
(VLPs) exhibit unique qualities of monodispersity and chemical regularity, allowing for

the precise, periodic chemical functionalization of capsid structures.'*” °° VLPs can be

151 150

both genetically ° and chemically ™ modified to alter or introduce functionality and
tailor biological functions. The combination of these two types of multivalent structures
may prove advantageous in situations requiring organic nanoparticles with defined
structural attributes.

Synthetic polymer nanoparticles prepared by emulsion, nanoprecipitation, self-

assembly, or layer-by-layer techniques have been widely studied as delivery vehicles.'*>
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Their potential advantages include high drug-loading capacities, ability to improve drug
solubility, and the ready introduction of ligands for targeted delivery.'”> However, the
production of polymeric nanoparticles with precise structural homogeneity remains a
challenge to the field."** The use of biomolecular platforms is an attractive approach
toward this end, and many examples exist of the modification of viral and non-viral
protein structures with synthetic polymers using ‘grafting to’ approaches.sg; 16: 155:156 1
contrast, there are few examples of the use of protein nanoparticles as multivalent

157-1 : : 1
37159 and none usimg viruses. 60

macroinitiators for polymerization,

We describe here the radial polymerization of octa(ethylene glycol)-methacrylate
(6, OEGMA) and the azido-functionalized analogue (7, OEGMA-N3) directly from the
surface of the bacteriophage QP virus-like particle by atom transfer radical
polymerization (ATRP). ATRP and other controlled radical polymerization techniques
have previously been used to prepare well-defined polymer-protein hybrid structures that
maintain their biological functions while gaining improved pharmacokinetic

109: 110: 161: 162 3o expected ATRP to provide polymers with narrow molecular

properties.
weight distributions, yielding structurally uniform hybrid protein-polymer nanoparticles

from the monodisperse viral platform.

Results and Discussion

ATRP initiators were installed on the surface of QB using a two-step ‘click’
protocol (Figure 3.1), which would allow other functional units to be installed at the same

time if desired. First, N-hydroxysuccinimide 3 was used to attach an azide group to
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approximately 180 + 30 of the 720 surface-accessible amine groups of the particle (a
value that is controlled by the selection of reaction conditions for this step, and
determined experimentally by mass spectrometry analysis of the denatured protein after
modification). The resulting azido-particle 3 was then functionalized with a triglyme-
based ATRP initiator (4) by copper-catalyzed azide-alkyne cycloadditon (CuAAC) to
form QP macroinitiator 5. '® Polymers were grown from the multivalent initiator
using a 2,2’-bipyridine/CuBr/CuBr; catalyst system that was previously shown to yield
high-molecular weight polymers grafted from protein-based initiators in water.'®* A
degassed, aqueous copper solution (0.1 mM final concentration) was added to a solution
of particle 3 and the commercially available monomer 6 or 7 (final concentrations: 1
mg/mL (0.4 uM) in VLP and 72 mM in monomer). After overnight room-temperature
reactions under nitrogen, the polymerizations were terminated by exposure to air and
addition of EDTA. The resulting protein:polymer conjugates were purified from the small

molecule reactants by sucrose gradient centrifugation and ultrapelleting.

NH, N
i 2]720 DAl ”{N\)%NJ\KBr
DMSO buffer CuSO4 + THPTA
20:80 Na ascorbate

QB VLP (1
ATRP macronnmator
<;( ’U\/\)LN’\/\N3 e 6or7
=N /) | CuBr, CuBr,
N H,0
\/O\/\O/\/O\/\O/\/NTHQBr
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Figure 3.1: Preparation of the QB VLP macroinitiator and polymerization from its
surface.
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Size exclusion chromatography (SEC) and dynamic light scattering (DLS) were
used to determine changes in particle size following ATRP. The former (Figure 3.2A)
showed a shift in elution volume from approximately 12 min for unmodified Qf particles
to 9.5 min for the significantly larger poly(OEGMA)-coated product. A similar shift was
seen in electrophoretic mobility when the particles were analyzed on a native agarose gel,
where polymer coated particles remained near the baseline, a significant retardation
compared to particle 5 (Figure 3.2D). DLS measurements (Figure 3.2E,F) confirmed the
increase in particle hydrodynamic radius from 14 nm (Qp wild-type) to approximately 24
nm for the polymer-coated particles, with a narrow size distribution (polydispersity =
18%). The virus capsids, when visualized by TEM, were shown to remain intact
following ATRP (Figure 3.2B,C).

ATRP provides a tertiary bromide at the terminus of each growing polymer chain,
which is amenable to further transformation.'® '® As shown in Figure 3, we reacted
particle 8, which does not contain side-chain azide functionality, with a large molar
excess of sodium azide in a water:DMSO mixture to substitute azide for bromide at the
particle periphery. The resulting intermediate was then reacted with AlexaFluor488-
alkyne under standard CuAAC bioconjugation conditions. Following sucrose gradient
purification, the fluorescent particles were found to bear an average of approximately 20
dye molecules per particle by comparing Alexa UV absorbance (495 nm) versus total
protein concentration (as measured by Bradford assay). No observable dye labeling
occurred when 8 was subjected directly to CuAAC prior to sodium azide treatment,

suggesting that no accessible azides remained following CuAAC to particle 3. The
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labeling of only 20 chains on a particle that started with 180 potential initiation sites
suggests that either polymer initiation is strongly inhibited by previously-initiated chains
or that azide substitution and click cycloaddition reactions are inhibited by the presence
of adjacent chains attached to the particle surface. Given the high efficiency of both azide
nucleophilic attack and CuAAC coupling, we suspect that the former explanation is more
likely. This issue will be studied further in upcoming experiments. We expect that the
method of post-polymerization functionalization and bioconjugation described here will
prove especially useful in attaching functional biomolecules such as cell targeting groups,

cell penetrating peptides, or diagnostic agents.
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Figure 3.2: Characterization of Qp-polymer particles. (A) Size-exclusion
chromatographs. (B,C) TEM micrographs of poly(OEGMA) and poly(OEGMA-N3)
coated particles (8 and 9, respectively); scale bar = 200 nm. (D) Non-denaturing agarose
gel stained with ethidium bromide: Lane 1= Q macroinitiator (5), Lane 2 = Q-
poly(OEGMA) (8), Lane 3 = QB-poly(OEGMA-N3) (9). (E,F) Dynamic light scattering
histograms of 8 and 9, respectively.
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Figure 3.3: End labeling of QB-poly(OEGMA) (8). For the structure of 11, see Figure 3.4.

The azido-functionalized octa(ethylene glycol)-methacrylate (OEGMA-N;, 7)
also served as a competent monomer, allowing for a greater degree of post-
polymerization functionalization while retaining PEG-like biocompatibility.'®” The
polymerization of 7 proceeded in the same manner as 6 (Figure 3.1), yielding hybrid Q-
poly(OEGMA-N;) particle 9 with very similar properties to the poly(OEGMA)-coated 8:
an approximate 10 nm increase in radius, narrow size distribution, and dramatically
different electrophoretic mobility (Figure 3.2A,C,D, F).

To demonstrate the reactivity of poly(OEGMA-Nj3) grafts, 9 was reacted with
alkyne-substituted AlexaFluor488 dye 11 under CuAAC conditions (Figure 3.4A).
Sucrose gradient centrifugation revealed an intensely colored green band, indicating a
successful ‘click’ reaction (Figure 3.4B). The potential sensitivity of the molar
absorptivity of these dyes to their molecular environment made quantification of the
coupling efficiency at high dye loadings impossible by absorbance measurements. The
same reaction was therefore performed with gadolinium complex 11, and the coupling

result assayed by quantitation of Gd by inductively coupled plasma optical emission
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spectroscopy (ICP-OES).* Loading values of 500-650 Gd complexes per particle were
routinely found for reactions with different samples of 9.
Nanoparticles bearing Gd complexes have attracted substantial interest as
magnetic resonance imaging agents due to benefits anticipated for their large size
(slowing rotational relaxation rates) and high Gd loading capacities. Several variations

d.26:36:43:4% \We had earlier described the direct

using virus-like particles have been reporte
attachment of Gd(DOTA)-alkyne complex 12 to azide-derivatized particle 3, and the
magnetic resonance behavior of the resulting conjugate 17.*° Examination of the Qp-
polymer-Gd particle 15 found a similar relaxivity on a per Gd basis as 17 at two different
Larmor frequencies (Table 3.1; approximately double the value of the Gd complex
alone), suggesting that the polymer backbone does not impart additional conformational
rigidity to the complexes or restrict access to water. The per particle relaxivity of 15
(7092 mM's™), however, compares favorably to examples reported in the literature
involving the covalent attachment of commercially available Gd reagents to virus

particles.”® 44
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Figure 3.4: Conjugation to polymer side-chains. A) CuAAC reaction to append
functionality to 9. B) UV illumination of sucrose gradient following CuAAC between 9
and 11 (upper band = unreacted 11, lower band = particle 14). C) Conjugation of Gd-
DOTA complex 12 to azide-functionalized capsid 3.

Relaxivity per Gd (per VLP) /
mM's™
Sample Gd/VLP 60 MHz 90 MHz
15 610 11.63 (7092) 10.12 (6174)
17 350 10.7 (3750)  11.64 (4075)

Table 3.1. T1 relaxivities for derivatized virus-like particles.

The multiple attachment points offered by the azide groups of polymer-decorated
particle 9 may also be used to tether a releasable drug cargo. It has been reported that
nanoparticles of approximately 25 nm radius are optimal for internalization via
endocytotic pathways.168 The relatively acidic environments of endosomal and lysosomal

compartments (pH = 4.5-5.5) is most often used as the trigger for drug release, with
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hydrazones being a popular motif.'®'"" Accordingly, we prepared a ‘clickable’
doxorubicin hydrazone 13 for conjugation to the QB-polyazide 9 (Figure 3.4A). Because
of its poorer aqueous solubility than the Gd complex, fewer doxorubicin molecules were
attached, an average of 150 per particle (approx. 3 wt-%), determined by measuring
doxorubicin concentrations spectrophotometrically (280, = 490 nm) and comparing
these to protein concentrations obtained by Bradford assay.'’* The resulting particles 16
remained intact with a narrow size distribution (DLS: radius = 22.7 nm, 14%
polydispersity). This stands in contrast to the conjugation of 13 directly to particle 3,
which led to degradation of the capsid structure and precipitation of the protein as

occasionally happens with hydrophobic or polyaromatic molecules.
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Figure 3.5: (A) In vitro release profile of doxorubicin from particle 16 at pH 7.4 and pH
5.5. (MES = 2(N-Morpholino)ethanesulfonic acid buffer; PBS = phosphate-buffered
saline). B) MTT assay for cell viability after treatment with the indicated agents, see text.

The pH sensitivity of the Dox-conjugated particle 16 was assayed by fluorescence
spectroscopy. The fluorescence of the Dox chromophores on 16 are known to be
quenched at high local concentrations,'” allowing us to monitor the release of the drug

(Aex = 480 nm; Aen = 598 nm) from the conjugate into solution at pH 7.4 and 5.5.""+ 1"
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The maximum fluorescence was reached after approximately 2 h at pH 5.5, while no
fluorescence increase was observed after 12 hours for the particles incubated at pH 7.4
(Figure 3.5A), consistent with the expected properties of the hydrazone linkage.

The pH-sensitive, doxorubicin-conjugated particle 16 was also found to be
cytotoxic to HeLa cells, a cervical cancer cell line that is sensitive to treatment with
doxorubicin.'”® Cells were incubated with varying concentrations of 16 or appropriate
controls for 8 hours in pH 7 buffer (in which no cleavage of Dox from the particle occurs)
and were assayed for cell viability the following day using the MTT assay. Polymer
conjugate 16 exhibited a similar cytotoxicity profile to free doxorubicin (in terms of
overall dox concentrations) under the same assay conditions (Figure 3.5B), indicating
that the particles are internalized and release their payload to effect cell death. The cells
showed no significant signs of toxicity when exposed to unloaded particles (9) at through

the concentration range used with 16 (Appendix A).

Conclusion

In summary, we have shown that VLPs derived from the bacteriophage Qff can
serve as a platform for controlled radical polymerization to produce polymer-coated
protein nanoparticles. The size and surface properties of QB can be significantly altered
through ATRP, while still retaining the low polydispersities associated with VLPs.
Furthermore, the polymer-coated particles are accessible to bioconjugation at both the
chain termini and suitably derivatized polymer sidechains. The platform allows for both

conjugation of small-molecule imaging agents and chemotherapeutics. Future studies will
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focus on varying the nature and properties of the polymers produced by radial
polymerization and on further exploration of this platform for development of targeted

drug delivery and imaging agents.
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Abstract

Attachment of multiple chelated Gd*" ions to the interior of bacteriophage P22
viral capsids afford nanoscale MRI contrast agents with extremely high relaxivity values.
Highly fenestrated ‘wiffleball’ morphology is unique to P22 and assures water exchange
between the environment and interior cavity of the capsid. The cavity of P22 ‘wiffleball’
was functionalized with a branched oligomer comprising of multiple DTPA-Gd
complexes resulting in an impressive payload of 1,900 Gd*" ions inside each 64nm
capsid. High relaxivities of 1y jonic = 21.7 mM! sec! and I1 particle = 41,300 mM! sec! at
298K, 0.65T (28MHz) are reported, with r;/r, ratio of 0.80 and optimized rotational
correlation time for this system. Specific design modifications are suggested for future
improvements of viral capsid-based MRI contrast agents directed toward clinical

translation.
Introduction

Magnetic resonance is often preferred over other imaging techniques because it
employs harmless non-ionizing radiation to produce high contrast images that distinguish
between pathological and normal tissues. Low sensitivity of this technique can be
overcome by the use of contrast agents which provide additional contrast between tissues.
Inherent properties of small molecule contrast agents can be significantly improved by

slowing the rate of molecular tumbling through conjugation to a macromolecular

35, 177 39; 179

platform. Various groups have explored dendrimers,'” liposomes, protein

cages,”™ > and more recently gold nanoparticles'® as potential platforms for conjugation
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of small molecule contrast agents. Here, we explore non-infectious bacteriophage P22
viral capsids as nanoscale MRI contrast agents because of their inherent multivalency and

25; 26; 43-45; 84; 106 . :
Viral capsids are

slow tumbling rates resulting from their large size.
advantageous over other macromolecular contrast agents because they have two distinct
surfaces available for independent conjugation of multiple imaging and targeting agents
to the same scaffold. These agents can potentially be administered at low doses and still
produce very high-contrast images, meeting an important criteria for next-generation
diagnostic tools.

Virus capsids are dynamic, self-assembling systems that form highly symmetrical,
multivalent, monodisperse structures and can be produced in heterologous expression
systems in large quantities as genome-free capsids. These capsids are exceptionally
robust, remaining stable at a range of temperatures, pH, and buffers, hence can be readily
modified both genetically and chemically. Plant viruses and bacteriophages are
particularly desirable in developing nanocomposites for applications in biomedicine
because they are less likely to be pathogenic in humans.'* Some virus-based systems that
have been used for encapsulation of imaging agents include cowpea chlorotic mottle
virus (CCMV),* cowpea mosaic virus (CPMV),* bacteriophages Qp and MS2.% 2% 43
P22 bacteriophage, approximately double in size, allows for a much greater payload of
imaging agent per capsid. It can undergo transformation to a ‘wiffleball’ form, creating a
fenestrated capsid structure which allows small molecules to freely diffuse between the

external medium and the capsid interior.”* "> 7® The substantial size of the interior cavity
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can be more efficiently utilized through incorporation of an oligomer network coupled to
multiple small molecule imaging agents.

Here, we explore the genetically modified P22 capsid in its ‘wiffleball’
architecture with site-specific thiol reactive residues at the 118 position as a T; Gd-based
MRI contrast agent. Azide-alkyne click chemistry was used to synthesize a branched
oligomeric network conjugated to DTPA-Gd complexes under optimal conditions® and
the influence of individual factors that affect the overall relaxivity behavior of the viral
capsid nanocomposite was examined.'®' The P22 nanocomposite has a higher loading
capacity of imaging agents than previously described systems and as a result provides an

extremely high relaxivity per particle.

Results and Discussion

In this work, we have utilized the P22 capsid as a synthetic template for the
development of Gd-based T; MRI contrast agents because of its large interior cavity and
our ability to take advantage of site specific modifications to the capsid. When
bacteriophage P22, which naturally infects Salmonella typhimurium, is recombinantly
expressed in E. coli it self-assembles into a 58nm procapsid structure from 420 identical
subunits of coat protein and between 60 and 300 copies of an internal scaffold protein
(Figure 4.1A).* 7 The capsid can be induced to undergo a series of structurally
characterized morphological transformations from the procapsid (PC) form.” ™ Upon
heating of P22 procapsid to 75 C, the capsid expands to 64nm causing the capsid wall to

become thinner and selectively release all twelve of its icosahedral pentamers to produce
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the wiffleball morphology (WB), creating a hollow nanocontainer with 10nm pores
(Figure 4.1B) at the 5-fold axes.”®* The wiffleball form is used in this study due to its
near double increase in volume as compared to the PC form, and because the highly
robust and porous structure allows for free molecular access across the protein shell. A
single-point mutation in the wild-type P22 coat protein, K118C, was utilized for site-
specific modification with a branched oligomer using azide-alkyne click chemistry
(AACC). The 118C mutation introduces an addressable thiol in each of the 420 subunits
of the P22 capsid and high-resolution structural models of the P22 capsid suggest that this

site is mostly exposed to the internal surface (Figure 4.1C).”

Figure 4.1: Cryo-EM reconstructions A) P22 PC procapsid (pdb 31Y1),”’ B) P22 WB
wiffleball (pdb 3IYH),”’ C) P22 WB half cutaway view of capsid interior with residue
118 highlighted as red spheres.

Azide-alkyne click chemistry (AACC) is a well-established orthogonal
oligomerization technique compatible with protein architectures. The reaction takes place
between azide and alkyne moieties in the presence of a Cu (I) catalyst and an
appropriate ligand to form a 1,4-substituted triazole. The internal oligomerization of

51; 105

P22 wiffleball was accomplished using previously described methods. Reaction was
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initiated from the 118C mutation site after reaction of the thiol with N-propargyl
bromoalkyne to create P22-alkyne (Figure 4.2A). 2-azido-l-azidomethyl-ethylamine
(DAA) was coupled to 2-(4-isothiocyanatobenzyl)-diethylene-triamine pentaacetic acid
gadolinium (p-SCN-Bn-DTPA-Gd) to create the bifunctional monomer (DAA-DTPA-Gd)
(Figure 4.2B) used in the oligomerization reaction. A branched oligomeric structure was
synthesized by reaction of DAA-DTPA-Gd with the P22-alkyne, followed by reaction
with tripropargyl amine (Figure 4.2C) in a stepwise series of reactions to produce P22-
AACC-Gd, until theoretical incorporation of seven DAA-DTPA-Gd moieties per subunit

was achieved (Figure 4.2, Figure 4.3).

&
P22 subunit with internal cysteine y/
.- Vo \\\/ N
(2 :.-l- == N-propargyl bromoalkyne N
\ / Iy
5| _° DAA-DTPA-Gdcomplex Il

" Tripropargyl amine
!

Figure 4.2: Theoretical incorporation of seven DAA-DTPA-Gd complexes per subunit of
P22 WB. Monomers used for synthesis of branched oligomer A) N-propargyl
bromoalkyne, B) 2-azido-1-azidomethyl-ethylamine coupled to 2-(4-
isothiocyanatobenzyl)-diethylene-triamine pentaacetic acid gadolinium (DAA-DTPA-Gd
complex), C) tripropargyl amine.
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Figure 4.3: Overall synthetic scheme for generating P22-AACC-Gd with theoretical
incorporation of seven DAA-Gd per capsid. Detailed experimental procedure can be
found in previous reports.’

Physical characterization of the resulting nanocomposite suggested no increase in
overall particle size of P22-AACC-Gd compared to P22 WB with a relative increase in
mass, indicating that oligomer growth was confined to the interior of the capsid. P22-
AACC-Gd was purified by size exclusion chromatography and the elution time was
identical to that of the P22 WB indicating no change in the overall particle diameter
(Figure 4.4C). Measurement of the particle sizes from transmission electron microscopy
(Figure 4.4A) revealed mean diameters for P22 WB and P22-AACC-Gd of 57.4 + 2.5 nm
and 61.6 = 2.3 nm, respectively. This was further confirmed by dynamic light scattering,
which revealed a hydrodynamic diameter of 64.1 + 7.1nm for P22 WB and 63.1 £ 5.9nm
for P22-AACC-Gd (Figure 4.4B). Multi-angle light scattering, coupled to HPLC size

exclusion chromatography, also revealed that the size of the P22 capsid remained
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essentially unchanged for P22 WB and P22-AACC-Gd with an average radius of gyration
0f 29.7 £ 0.06nm and 29.6 + 0.12nm, respectively (Figure 4.4C). Analysis of the MALS
data additionally suggested an increase in mass for P22-AACC-Gd over the P22 WB,
although absolute quantification is not possible because the refractive index increment
(dn/dc) for the oligomer is not known. Further evidence of the mass increase associated
with the oligomer growth was observed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), which shows a shift in mobility of the subunit towards
higher Mw (Appendix B, Figure B1) for P22-AACC-Gd, with no unmodified coat protein
subunits visible. High Mw species visible in the SDS-PAGE gel are consistent with some
degree of inter-subunit cross-linking between neighboring tripropargyl amine and DAA-
DTPA-Gd ‘click’ monomers. Together these data suggest that modification of the capsid

is fairly uniform and is confined primarily to the interior of the P22 capsid.
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Figure 4.4: Similar capsid size before and after modification is reported using three
different methods. A) DLS (average diameter): P22 WB = 64.1 + 7.1nm, P22-AACC-Gd
=63.1 + 5.9nm. B) TEM (average diameter): P22 WB = 57.4 + 2.5nm, P22-AACC-Gd =
61.6 + 2.3nm. C) SEC-MALS (average radius): P22 WB = 29.7 + 0.06nm, P22-AACC-
Gd = 29.8 + 0.12nm. An increase in molecular weight after modification (blue line) is
indicative of oligomer growth within P22 cavity.

Relaxivity measurements of P22-AACC-Gd were taken over a wide range of field
strengths between 0.1T-1.4T (Figure 4.5). For 1} jonic measurements, a peak centered at
0.6-0.8T was observed (Figure 4.5A), which is characteristic of chelator-Gd complexes

- 36; 44; 115; 181 .
35;36; 44 15 181\ faximum

attached to macromolecular systems tumbling slowly in solution.
relaxivity occurred at 0.65T, with an ionic relaxivity of 1 jonic = 21.7 mM’! s’l, 6-fold
greater than free DTPA-Gd,182 and an exceedingly large per particle relaxivity, 1 particle =

41,300 mM™ s with considerable loading of 1,900 Gd per capsid. The r, profile (Figure

4.5B) is also consistent with previous findings for large macromolecular systems, with r;
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ionic = 27.2 mM"! s! and 12 particle = 51,800 mM! s, The absolute protein concentration of
the modified P22 capsid was determined using standard amino acid analysis techniques
and relaxivity measurements were used to determine Gd concentration.
Nuclear magnetic resonance dispersion (NMRD) profiles for P22-AACC-Gd were
attained from fitting relaxivity versus field strength to the Solomon-Bloembergen-

Morgan (SBM) analytical model for relaxivity.''> 83 1#4

The fits were influenced by five
parameters: the number of Gd-bound water molecules (q), the mean residence lifetime
for Gd-bound water (ty), the rotational correlation time (tg), the magnitude of the zero
field splitting interaction (A), and the correlation time for transient zero field splitting
fluctuation (ty). A total of four fits were explored, with all fitting schemes resulting in
similar values for g, tg and ty. The best fit resulted in q = 0.92, as expected for DTPA-Gd
complexes (q =1).>> A rotational correlation time of T = 160ns agrees well with reported
values for bioconjugation of DTPA-Gd complexes to macromolecular systems, which
lead to high ionic relaxivities due to slower tumbling of the nanocomposite as compared
to free DTPA-GA.*® % A value for mean residence lifetime for water of ™ = 530 ns is
similar to Gd-DTPA alone (ty = 240ns),>® which suggests, overall, incorporating DTPA-
Gd complexes within the P22 cavity does not restrict water access. However, observation

of a slight increase in Ty could be explained due to obstruction of water access in the

presence of the bulky oligomer network surrounding the Gd*" ions.
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Figure 4.5: Nuclear magnetic dispersion profiles (NMRD) for P22-AACC-Gd, showing
relaxivity as a function of field strength. The black circles indicate experimental data
points which were fit to an SBM equation (Eqn. S1) where r; and r, were fit
simultaneously (Table S1). A) 1y jonic NMRD profile B) 15 jonic NMRD profile.

MRI contrast agents with high ratios between the longitudinal and transverse
relaxivities (ri/ry) ranging from 0.5-0.9 are defined as optimally performing Gd-based T}
contrast agents.”” "> For P22-AACC-Gd, the ri/r, ratios range from 0.80-0.53 for
magnetic fields 0.65T—1.4T, with the highest ratio of 0.82 at 0.73T. This compelled us to
explore the effects of mean residence lifetime (ty) and rotational correlation time (tgr) on
relaxivity at this field strength. We plotted relaxivity (r; ionic) versus field strength using
three different values for 1y and tr (Figure 4.6) - the experimentally determined value
(green), a value above the experimental (blue), and a value below the experimental (red).
This allowed us to visualize how relaxivity at 0.73T (max. peak height) is affected by
altering Ty (Figure 4.6a) and tr (Figure 4.6b). It becomes apparent that while tr has been

optimized for this system the ty can be further improved. The mean residence lifetime of
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water, Ty, could be altered by conjugating a different small molecule chelator-Gd

complex*® to the P22-oligomer composite.
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Figure 4.6: Plot of P22-AACC-Gd showing r; vs. field strength for three different values
of a) Ty — 18ns (blue), 533ns (green), 5333ns (red) and b) 1r — 1.6ns (blue), 16ns (green),
1600ns (red). The black dots represent experimental values of r; for P22-AACC-Gd
where the green line represents the best fit to the data. The plot illustrates that tr is
optimized for P22-AACC-Gd at 0.73T (max. peak height), while ty could be further
improved for this system.

In order for virus capsid-based MRI contrast agents to be clinically translatable, it
is necessary to evaluate their relaxivity performance at higher field strengths. Using P22-
AACC-Gd as a model system, its relaxivity (r; and r;/r;) performance was assessed at a
range of field strengths for a range of 1y values (Appendix B, Figure B2) using contour
plots. Particular attention was paid to relaxivity values at 3T, another field strength

commonly used clinically. We chose to evaluate the system at three different t values for
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v =533ns (the established ty for our system). For g = 0.1ns (Appendix B, Figure B2c),
the tr value for free DTPA-Gd complexes,186 we see 1ow 11 ionic of 3.2 mM ™ s and high
r/r; = 0.87. At a value of g = 16ns (Appendix B, Figure B2c), the established 1 for our
system, 1 jonic Of 3.5 mM™ s is similar in value to free DTPA-Gd, while r;/r, = 0.12 is
lower than the optimal range. Reducing tr from 16ns to Ins (Appendix B, Figure B2b)
suggests an improvement in P22-AACC-Gd performance at 3T, as r; is improved from
3.5 mM! st to 13.0 mM™! s and the r/r, ratio from 0.12 to 0.78. Lower rotational
correlation times (tr) may be attained through conjugation of chelator-Gd complexes to a
more flexible polymer. Utilizing an alternate polymer synthesis technique that creates a
linear polymer instead of a branched polymer might result in greater degrees of freedom

in terms of local motion of chelator-Gd complexes and will be explored in future work.

Conclusion

In summary, we have synthesized a branched oligomer conjugated to multiple
DTPA-Gd complexes inside of P22 ‘wiffleball” viral capsids. This resulted in one of the
highest reported particle relaxivities for viral-capsid based systems and a significant
improvement in ionic relaxivity over free DTPA-Gd. The rotational correlation time has
been optimized for this system, while conjugation of different chelator-Gd complexes has
been suggested for improvement of the mean residence lifetime. Better performance of
this system at high field strengths has been suggested via conjugation of DTPA-Gd
complexes to more flexible polymer networks inside the viral capsid, or alternatively

DTPA-Gd may be attached to polymer via a more flexible linker."®® Current efforts are
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focused on alternate polymerization techniques and addition of targeting ligands on the

external surfaces of these viral nanoparticles.

Experimental

All materials were analytical grade and purchased from either Sigma-Aldrich or
Fisher Scientific and used as received unless otherwise noted. All water was deionized
using a NANOpure water purification system. Dynamic light scattering measurements
were taken on a 90Plus particle size analyzer (Brookhaven). The synthesis of N-propargyl
bromoacetamide and 2-azido-1-azidomethyl-ethylamine have been reported previously.”!

The p-SCN-Bn-DTPA was purchased from Macrocyclics.

Mutagenesis.

The P22 (K118C) point mutation was made using established polymerase chain
reaction protocols (Qiagen) using pET-3a based plasmids encoding genes for scaffolding
and coat protein. The amplified DNA was transformed into CaCl, treated competent E.

coli strain BL21 (DE) and selected for ampicillin resistance.'®’

Protein Purification.

Transformed BL21 (DE) E.coli was grown in 1L cultures inoculated with 1 mL
starter culture (37°C, 220rpm). After 2 hours (ODgyo = 0.6), the cultures were induced
with ImM IPTG and grown for 4 more hours. Cells were harvested by centrifugation at
3700g for 20 min. The cells were resuspended in PBS pH 7.6 and were incubated with

DNase, RNase, and lysozyme (all Sigma-Aldrich) for 30 minutes at room temperature.
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Cells were lysed further by sonication on ice (Branson Sonifier 250, Danbury, CT, power
4, duty cycle 50%, 3 x 5 min with 3 min intervals). Bacterial cell debris was removed via
centrifugation at 12000g for 45 min. The supernatant was then loaded on a 35% sucrose
cushion and centrifuged at 48,000 rpm for 50 min in an ultra centrifuge (50.2Ti ultra
centrifuge rotor). The resulting virus pellet was resuspended in PBS pH 7.0 and dialyzed
to remove sucrose. The P22 empty shells (ES) were prepared by repeated extraction of
scaffolding protein with 0.5M guanidine-HCL.” Purified ES were heated at 75°C for 20
min to obtain P22 wiffleball (WB).*> P22 WBs were further purified by 5-20% sucrose
gradient centrifugation and dialyzed against buffer to remove residual sucrose. Each
individual capsid form was routinely characterized using SDS-PAGE, native agarose
gels, transmission electron microscopy (TEM, Leo 912 AB), and dynamic light scattering
(DLS, Brookhaven 90Plus, Brookhaven, NY)."™ The protein concentration was

determined by absorbance at 280nm using the extinction coefficient (44,920 M ™' cm ™).

Synthesis of p-SCN-Bn-DTPA-Gd.

2-(4-isothiocyanatobenzyl)-diethylenetriaminepentaacetic =~ acid  (p-SCN-Bn-
DTPA) (250mg, 0.385mmol, 128mM) was treated with gadolinium (III) chloride (157mg,
0.424mmol, 141mM, 1.leqv) in water. The mixture was stirred for 3 hrs at room
temperature, followed by removal of solvent by lyophilization under reduced pressure.
The yield was quantitative and the slightly yellowish product was characterized by LC-
MS. The product was used without further purification. LC-MS: A cluster of isotopic
peaks centered at 696.23(+1,2,3,4) was found for SCN-Bn-DTPA-Gd

(Cy5H3,N11010SGA). Theoretical value for Cy,HpsN4O10SGd is centered at 696.116.
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Synthesis of Diazidopropylamine Conjugated
to p-SCN-Bn-DTPA-Gd (DAA-DTPA-GA).

p-SCN-Bn-DTPA (322mg, 0.462mmol, 154mM) was dissolved in water in a small
round bottom flask. The pH of the solution was raised slowly to 8.5 with dilute NaOH
solution. While stirring, 2-azido-l-azidomethyl-ethylamine (131mg, 0.924mmol,
308mM, 2.0 eqv) was added slowly in the reaction mixture. The mixture was stirred
overnight at room temperature. Lyophilization of the mixture under reduced pressure
yielded a slightly yellowish solid product. Excess 2-azido-1-azidomethyl-ethylamine was
removed by washing the crude product several times with methylene chloride. The yield
was quantitative and the product was characterized by LC-MS. This product was used
without further purification for bio-conjugation with protein cage. LC-MS: A cluster of
isotopic peaks centered at 837.145 (£1,2,3,4,5) was found for DAA-DTPA-Gd

(Cy5H3,N11010SGA). Theoretical value for CysH3,N;1010SGd is centered at 837.138.

Synthesis of P22-AACC-Gd.

Unless otherwise noted, all reaction steps were done in HEPES buffer, pH 7.6.
Each reaction product was purified by dialysis with molecular porous membrane
(MWCO 12-14K). Concentrations were determined by UV-Vis spectrometry by OD;gy.
Oligomer was incorporated in a step-wise fashion to yield P22-AACC-Gd. Briefly, in pH
6.5 HEPES buffer, P22 (K118C) WB (83.3mg, 1.79umol, 1.79mM) was reacted with N-
propargyl bromoacetamide (3.6mg, 17.9umol, 17.9mM, 10 eqv) by stirring 1h at room
temperature, followed by incubation at 4°C overnight. The P22-alkyne was characterized

by LC-MS. LC-MS: M+H 46693(found), M+H 46692(calcd).
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The P22-alkyne (75mg, 1.61umol, 215mM) was reacted with DAA-DTPA-Gd
(13.5mg, 16.1umol, 2.15M, 10 eqv) through Cu-catalyzed azide-alkyne coupling
reaction.'” Briefly, a 1:5 mixture of CuSO4 and THPTA ligand'® was prepared and
added to the reaction mixture to achieve a final concentration of 0.90mM Cu (I) and
4.5mM THPTA ligand. This was followed by addition of sodium ascorbate and amino
guanidine, both with final concentrations of 10.15mM. The reaction vial was purged
with Ny, sealed and stirred for 1h at room temperature and incubated overnight with
stirring at 4 °C. The reaction mixture was treated with 12-fold excess of 0.5M EDTA, pH
8.0 to chelate Cu ions associated with the P22 capsid derivatives. The resulting product
was reacted with tripropargyl amine and DAA-DTPA-Gd in a step-wise fashion for a
total of four more reactions under similar conditions as described ab0V651, until a
theoretical yield of seven DAA-DPTA-Gd were incorporated per subunit of P22
wiffleball. The intact P22-AACC-Gd overall recovery was 44.4% (37mg, 0.80mol,

8.0mM).

Multi-Angle Light Scattering.

P22 and P22-AACC-Gd were injected using an Agilent 1200 autosampler with
PBS pH 7.3 and 200ppm azide at 0.7ml/min as the running buffer. The buffer was
degassed using an inline degasser. Samples were run over a WTC-100S5G guard column
(Wyatt Technology Corporation) and a WTC-100S5 SEC column designed specifically
for MALS (Wyatt Technology Corporation). The eluant was monitored using an in-line
UV-Vis detector on the Agilent system as well as a Dawn Heleos 8 MALS detector and

an Optilab T-rex RI detector (Wyatt Technology Corporation). All data were analyzed
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using ASTRA software from Wyatt. Samples were stored in the autosampler at room
temperature, and the sample chamber in the RI detector was held at 25°C to reduce
thermal drift. Molecular weights were determined from MALS and RI signals using the

ASTRA software and dn/dc values of 0.185 was used for all proteins.

Transmission Electron Microscopy.

P22 and P22-AACC-Gd were imaged by transmission electron microscopy (Leo
912 AB) by negatively staining the sample with 2% uranyl acetate on formvar
carbon coated grids. Average diameters were determined from measurements of 10

particles for each sample.

Denaturing Gel Assay.

P22 and P22-AACC-Gd were analyzed using SDS-PAGE on 10-20% gradient

Tris-glycine gels (Lonza).

Nuclear Magnetic Resonance Dispersion (NMRD).

T, and T, measurements were carried out on a variable field relaxometer. The
longitudinal (T;) and transverse (T,) relaxation rate constants of P22-AACC-Gd were
measured using an inversion-recovery and Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence with 32 incremental tau values, respectively.”® The measurements were
collected for a range of Larmor frequencies between 2—62 MHz (0.05-1.5T) at 298K.
Values for 1y, 12, q, T, and g were determined by fitting the raw data to a Solomon-
Bloembergen-Morgan (SBM) analytical model for relaxivity as previously described.*®

All plots were produced using Mathcad 14.0.
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Gadolinium Concentration.

The gadolinium (Gd) concentration of P22-AACC-Gd was analyzed by NMR
(300MHz Bruker NMR) through adaptation of a published procedure.”® '* Sample was
prepared by digesting P22-AACC-Gd overnight in 30% HNO; at room temperature. A
standard curve using GdCl; ranging from 0.3uM to 1968.3uM was used for
quantification. The Gd concentration was further verified by inductively couple plasma

mass spectrometry ICP-MS at Energy Labs (Billings, MT).

Protein Concentration.

Modification to standard procedure for amino acid analysis was used.'” Briefly,
P22-AACC-Gd was spun down in a rotary evaporator until sample was completely dry.
A solution of 6N HCI containing 1% phenol was added to the sample. The sample was
digested under anaerobic conditions for 18 hours at 110°C, 20 psi. The acid from the
digested sample was removed by a rotary evaporator. The sample was resuspended in
H,O and 1% formic acid. Standards of amino acids were prepared in 6N HCI ranging
from 1.0uM to 2500uM. ESI-Q-TOF mass spectrometry (Q-TOF Premier, Waters)
interfaced to a Waters UPLC was used to determine presence of most abundant amino
acids. A standard curve was made using best fit amino acid data. The peak intensities
correlating to amino acids in P22-AACC-Gd were fit to the standard curve to extrapolate
amino acid concentrations, which were used to calculate the protein concentration based

on the amino acid sequence of P22.
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CHAPTER 5

USING THE INTERIOR CAVITY OF THE P22 CAPSID FOR SITE-SPECIFIC
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Abstract

Virus-like particles (VLPs) have emerged as important and versatile architectures
for chemical manipulation in the development of functional hybrid nanostructures. Here
we demonstrate a successful site -selective initiation of atom transfer radical
polymerization reactions to form an addressable polymer constrained within the interior
cavity of a VLP. Potentially, This protein—polymer hybrid of P22 and cross-linked poly(2-
aminoethyl methacrylate) could be useful as a new high-density delivery vehicle for the
encapsulation and delivery of small -molecule cargos. In particular, the encapsulated
polymer can act as a scaffold for the attachment of small functional molecules, such as
fluorescein dye or the magnetic resonance imaging (MRI) contrast agent Gd-
diethylenetriaminepentacetate, through reactions with its pendant primary amine groups.
Using this approach, a significant increase in the labelling density of the VLP, compared
to that of previous modifications of VLPs, can be achieved. These results highlight the
use of multimeric protein—polymer conjugates for their potential utility in the
development of VLP-based MRI contrast agents with the possibility of loading other

cargos.

Introduction

The use of protein—polymer composite materials for medical and materials
applications is a growing field that aims to take advantage of the exquisite
monodispersity and bioactivity of biomolecules and also impart new material properties

via polymer conjugation. When a responsive polymer is selected, new thermo-, light- and
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pH -sensitive macromolecular materials can be produced to control more fully the

activity and phase solubility of the biomolecule. " 2

By adding a specific polymer to
the biomolecule, the composite material may exhibit improved retention, lowered
immunogenicity and increased bioavailability.'”*'*> To attain the desired final material
properties, careful selection of both the protein and the polymer components is essential.
Much of this work focused on the site-specific conjugation of polymers to monomeric
proteins, but when more complex multimeric biomolecules are employed, not only is the
polymer location on the primary sequence of interest, but also the spatial relationship
between the polymer and the overall protein architecture becomes increasingly important.

In particular, the use of virus-like particle (VLP) proteins, which are a special
class of multimeric proteins that form symmetric protein shells surrounding an empty
interior space, relies on two distinct environments that can be modified, either the
exposed exterior or the confined interior. For the exterior surface, polymer formation or
attachment was employed as a method to append molecules of interest designed to alter
VLP solubility, increase stability or introduce new functionalities.'*® '°° Electrostatic
interactions were used in several systems to package existing polymers or guide capsid
assembly around polymers and polymer—nanoparticle composites to provide a charge -
dependent occupation of the interior space.” '*72°! Synthesis of polymers in the interior
space was limited to small protein cages, which were employed as a synthesis chamber

for an untethered oligomer or for the development of an anchored addressable network.”"

202
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We reported previously the use azide—alkyne ‘click’ chemistry to construct an
anchored polymer network inside a small protein -cage architecture.’® " 17 In this
stepwise synthesis approach, polymer growth was directed to the protein -cage interior,
which resulted in a protein-confined hyperbranched polymer. The protein shell acted as a
barrier that limited the polymer size and left only the protein exterior exposed to the bulk
solution. By labelling the resulting protein—polymer construct with a Gd-based magnetic
resonance imaging (MRI) contrast agent, an enhanced magnetic resonance contrast agent
was obtained, which highlights the utility of using the interior space to maximize cargo
loading.”® While this method is effective, the stepwise nature of the polymerization
reaction makes the process onerous for larger constrained polymer syntheses. A
preferable alternative route to achieve an anchored addressable polymer is to proceed via
a continuous polymerization of simple monomers from an easily modified initiator. Of
the several suitable continuous biomolecule-anchored polymerization methods, we chose
to use atom -transfer radical polymerization (ATRP) as it is particularly suited to an
improved formation of polymer inside a protein cage. This method is not only rapid, but
also results in products with relatively low polydispersity in bulk solutions and is
promiscuous with respect to the range of monomers that can be used. Also, the simplicity
of the ATRP initiator means that it can be attached readily to the protein cage in a site-
specific manner, and thereby we can control the site of polymer initiation. Thus, by
combining ATRP with a container-like protein, the formation of a polymer scaffold

constrained to the interior of a VLP architecture can be afforded in a single short reaction.
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Here we report the use of ATRP to make addressable polymer networks within the
confines of the bacteriophage P22 -based VLP (Figure 5.1). The 2-aminoethyl
methacrylate (AEMA) monomer was selected because the primary amine-rich polymer
synthesized within the P22 capsid could be modified subsequently with the small
molecules of interest, which resulted in very high -density loadings of the capsid. The use
of the AEMA network as a scaffold was demonstrated through the attachment of either
fluorescein isothiocyanate (FITC) or Gd-DTPA-NCS (DTPA =
diethylenetriaminepentacetate). Using this method, we can achieve a substantial increase
in the degree of labeling per VLP compared to that given in previous reports, which

demonstrates the potential capacity of the capsid interior for directed cargo loading.
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Figure 5.1: Schematic of the internally initiated ATRP polymerization within the P22
VLP. P22g39c modified with a cysteine-reactive ATRP initiator (1) was used as the
macroinitiator and a size-constrained reaction vessel for ATRP growth of poly(AEMA)
strands, cross-linked with bisacrylamide, inside the P22 VLP architecture to make P22-
xAEMA. Subsequently, this internal polymer scaffold was modified with primary amine-
reactive labeling agents, either (2) or (3), to introduce a high density of new functionality
to the construct.
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Results and Discussion

In this work we utilized a VLP (derived from the bacteriophage P22) that consists
of 420 subunits arranged on an icosahedral lattice with a resulting exterior diameter of 64
nm and an unoccupied internal cavity with a 54 nm in diameter.”® Recombinant
expression in Escherichia coli requires co-expression of the coat protein and scaffold
protein for self-assembly. This VLP is capable of transformation into a series of distinct
morphologies, which includes the procapsid (PC) morphology that contains the scaffold
protein, an empty shell (ES) form in which the scaffold protein is removed, an expanded
form (EX) and a wiffleball (WB) structure in which all 12 pentamers are removed
(Appendix C, Figure C1). The EX form most closely mimics the morphology found in
the DNA containing infectious virion and is the form used in this study To attain the EX
form, the scaffold protein is removed from the PC using successive guanidine.HCI
extractions followed by heating at 65 8C, which generates the capsid in its EX
morphology. A new P22 mutant was designed for use with ATRP that contained a single -
point mutation in the wild-type coat protein (P22g39¢) and introduced an addressable thiol
suitable for the attachment of an initiator (1). This site was selected specifically such that
the introduced thiol could be exposed exclusively to the interior according to the
currently available P22 structural models (Figure 5 2).76: 77 Although the wild-type
protein contains an intrinsic cysteine (C405) it was not removed because previous studies

80: 187 This new mutant was characterized

demonstrated that this site is not addressable.
and behaves in the same manner as the wild-type P22 capsid, going through the same

series of morphological transformations. To obtain the EX morphology, the scaffold
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protein was removed from P22g39¢ to generate the ES, heated to 65°C, and subsequently
analyzed to ensure the formation of the EX morphology (Figure 5.3). The characteristic
shift of the particles to a lower electrophoretic mobility was observed on heating,
consistent with expansion of the capsid. Precipitation of the protein was observed only at
temperatures greater than 80 C, which indicates that the protein architecture is relatively
thermostable (Appendix C, Figure C2). The size of the VLP, by dynamic light scattering
(DLS), increased as expected from 60+4 nm (PC morphology) to 714+5 nm, consistent
with the known range of values for the P22 particle in either the EX or WB morphologies
(Figure 5.3D). By transmission electron microscopy (TEM) the overall structure of the
VLP was retained and, after heating to 75 °C large pores became apparent in the structure

(Figure 5.3C), which is a characteristic of the WB morphology.

Figure 5.2: Structural model of the expanded morphology of the P22 capsid that shows
the location of the S39C mutation. The location of the modified residue, S39C (in red)
was derived from a structural model of P22 using coordinate data deposited as Protein
Data Bank file 2XYZ. Both a view of the exterior of the capsid (top) and a half shell cut-
away view that revealed the interior (bottom) of the capsid are included and illustrate
that, according to this model, this mutation site is interior exposed.
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To make the P22 macroinitiator, the P22s39c mutant was labeled with initiator 1,
an amide derivative of a previously reported ATRP initiator. This cysteine -reactive
ATRP initiator (Figure 5.1) was selected because of its efficient labeling, satisfactory
initiation and demonstrated compatibility with biomolecules. Initiator 1, unlike the ester-
containing form previously reported, is expected to be less susceptible to bond
cleavage.''” % It was synthesized through the modification of established protocols and
selectively reacted with P22g39c to make P22g39c-int with near-quantitative single
labeling of the introduced cysteine, as observed by subunit mass spectrometry (Appendix
C, Figure C3).

Using the P22g39c-int macroinitiator construct, cross-linked AEMA polymer
strands were synthesized inside this protein cage to make P22-xAEMA under standard
ATRP biomolecule conditions using a Cu(I)/bipyridine To explore the range of reaction
conditions available to the P22g39¢c system for internally directed polymerization
reactions, initially a selection of AEMA:bisacrylamide monomer to subunit ratios (3,000—
26,000) and temperatures (23, 40 and 60 °C) as well as catalyst -loading ratios, were
investigated. Samples were monitored by gel electrophoresis and DLS to determine
reaction completion and suitable conditions (an example comparison is shown in
Appendix C, Figure C4). The purified protein—polymer hybrid constructs were stable
after polymerization and only at the highest temperature and loading conditions did the
diameter of the cage increase significantly, which indicates that under most of the tested
conditions the VLP effectively constrains the polymer growth to the interior of the capsid.

From these test reactions it was apparent that the monomer loading had a greater impact
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on the extent of polymerization than the temperature of the reaction, and that the

reactions were effectively complete after less than three hrs.
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Figure 5.3: Characterization of the P22g3c mutant to verify morphological
transformation. A) SDS-PAGE of the purified P22 before (PC) and after (ES) extraction
of the scaffold protein. The lower band corresponds to scaffold (33.6 kDa) and the upper
band is coat protein (46.6 kDa). L is the molecular weight standards. B) Native agarose
gel of the P22 Es, EX and WB structures. The observed shift in mobility indicates the
temperature-induced transformation from ES to EX and WB morphologies. C)
Negatively stained TEM images of the ES, EX, and WB morphologies show the degree
of particle-size homogeneity. The inset shows the appearance of small voids (yellow
arrows) in the shell of the WB morphology. D) DLS of the three morphological forms
(ES, EX, and WB). The measured hydrodynamic diameter for the expansion from ES (60
+ 4 nm) to EX (71 £ 5 nm) and WB (68 £ 4 nm) is as expected.
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To verify further that our selected P22 mutant was confining the polymer, we
compared the behavior of P22g39¢ to a second mutant of P22 coat protein (P22k;;5c¢),
described previously, and which has a reactive cysteine site predicted to be partially
exposed to the exterior (Appendix C, Figure C5). '*” Both mutants were labeled with an
ATRP initiator (Appendix C, Figures C6 and C7) and analyzed under simple
polymerization conditions. We used the AEMA without addition of bisacrylamide at a
loading of 26,000 monomers/subunit of the partially exterior-exposed P22k 3¢ to make
P22k 113c-AEMA, which resulted in dramatically different material properties compared
to those of the P22g39c treated under the same conditions (P22g39c-AEMA) and
emphasizes the importance of site specificity for polymer initiation and growth in these
protein architectures. When the initiator-labeled P22k 3¢ was treated to make P22k sc-
AEMA, the construct exhibited an increase in diameter of about 20 nm, from 60 + 3 nm
to 81 = 4 nm, as measured by DLS, which suggests the growth of polymer on the exterior
of the cage (Appendix C, Figure C8), but the P22g39¢ -based sample diameter remained
constant before (67 + 4 nm) and after (67 £ 4 nm) polymerization. In addition, unlike
P22s30c-AEMA, the P22k 13c-AEMA hybrid was not very stable. Although no
precipitation was observed under the reaction conditions, mass precipitation of the
P22x1183c-AEMA occurred on purification. This loss could be alleviated partially by
increasing the ionic strength of the buffer (>250 mM NaCl). Taken together, these data
support a model in which the initiation site determines the overall access of the AEMA
polymer to the exterior environment and when the polymer growth is exposed to the

exterior of the cage, the protein—polymer composite destabilizes significantly. We
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directed our efforts to the interior -facing P22g39c-int macroinitiator construct at a
midrange monomer loading (6,000 monomers/subunit) with bisacrylamide present and
moderate temperature conditions (23°C) for further investigation with four experimental
replicates. After three hrs of reaction time, the synthesis was halted by exposing each
sample to air and the protein—polymer conjugate (P22s30c-xAEMA) was purified away
from the remaining AEMA and bisacrylamide monomers and the copper catalyst by
pelleting the protein construct using ultracentrifugation, which easily separates large
macromolecular complexes from small molecular species. The resulting construct
exhibited a dramatic shift in electrophoretic mobility, by native agarose gel, which
indicates that the P22-int had become P22-xAEMA (Appendix C, Figure C9). On a
subunit basis an increased subunit mass (by denaturing gel analysis) was observed, as
indicated by a shift to a higher molecular mass (Figure 5.4A and Appendix C, Figure C9).
By this analysis method, it appears that not all of the initiator-labeled subunits produced
sufficiently long polymer chains for a mass shift to be apparent. Others also observed this
incomplete initiation in both monomeric and multimeric systems when making grafted-
from protein—polymer composites.' %% 110 164203

To confirm that the polymer was confined to the interior of the P22, the size of the
P22g30c-xAEMA construct was compared to that of the initial macroinitiator P22
complex. When the particles were visualized using TEM, the morphology of P22 after the
reaction was unchanged from that before (Figure 5.4B). The average particle diameter
was 5143 nm in the unpolymerized P22g39c-int and remained the same (5343 nm) after

the reaction. In addition, the hydrodynamic diameter, as measured by DLS, remained
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unchanged on polymer formation (Figure 5.4C). The particle diameters were 70+10 nm
and 7143 nm, respectively, for P22g39c-int and P22g39c-xAEMA, which further confirms
that the polymer was confined to the interior of the protein cage.

Multiangle light scattering (MALS) was used to analyze further the P22g39c-
XxAEMA construct for the radius and molecular weight (Figure 5.5). According to this
method the radius of the particles remained nearly constant, measured as 29.3 nm
(P22g39c-int) and 28.2 nm (P22s39c-xAEMA), but the molecular weight increased on
polymerization. Using the standard refractive index increment (dn/dc) for protein (0.185)
and the published value for AEMA (0.153) *** , the MALS data from the P22g39c-int and
P22g39c-xAEMA samples were fitted to obtain molecular weights. The measured
molecular weight for P22g39c-int was 18.9 & 0.2 MDa, consistent with the predicted value
for the EX morphology of P22, but the P22g30c-xAEMA had a combined molecular
weight of 20.2 £ 0.6 MDa, with 18.7 + 0.5 MDa contributed from the protein and 1.5 +
0.4 MDa contributed from the polymer. This mass increase corresponds to the addition of

12,000 £ 3,000 AEMA monomers/VLP or 28 + 7 AEMA monomers/subunit, on average.
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Figure 5.4: Size and morphological characterization of the P22539c-xAEMA composite
and P22g39c-int. A) Representative SDS-PAGE gel of P22g39c-int and P22g39c-xAEMA.
The polymerized sample shows some streaking to higher Mw, which indicates the range
of polymer chain lengths appended to the subunits as compared to the starting P22. In
addition, highly cross-linked material can be observed in the well at the top of the gel. B)
TEM images of P22g39c-int (top) and P22g39c-XxAEMA (bottom) illustrate that the
P22g39c-xAEMA retains the size and shape homogeneity of the P22 capsid after the
polymerization reaction. C) DLS of P22g39c-int (top) and P22g30c-xAEMA (bottom). The
modified sample is monodisperse and has the same average diameter as that of the
starting P22539(j-i1’1t.
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Figure 5.5: Molecular weight increase as a result of polymerization, monitored by
MALS. Using size exclusion chromatography, both P22g39c-xAEMA and P22g39c-int
exhibit the same elution time when monitored by absorbance (continuous line) at 280 nm,
which indicates retention of the particle size. Fitting the MALS data across the elution
profile reveals the molecular weight of the material (dashed line), which increases
substantially for the P22g39c-xAEMA (top) compared to the P22g39c-int (bottom). a.u. =
arbitrary units.

The internally directed P22g39c-xXAEMA polymerization resulted in the
introduction of a large number of addressable amines sequestered within the protein cage.
To demonstrate that the introduced amines on the poly(AEMA) inside the P22g39c-
xAEMA construct were addressable, FITC (2) was used as an amine -specific labeling
agent. Both the P22g39c-xAEMA and P22g39c-int control were incubated with a 100 -fold
excess of FITC per subunit to give P22g30c-xAEMA-FITC and P22g39c-int-FITC,

respectively. Excess FITC was removed by pelleting the protein twice using
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ultracentrifugation followed by resuspension before analysis. The difference in the degree
of labeling between the P22g39c-int-FITC and P22g39c-xAEMA-FITC was significant
enough to be readily discernible (Appendix C, Figure C10).

When the fluorescently labeled P22g39c-xAEMA construct was analyzed using gel
electrophoresis the fluorescein signal was observed to migrate with the protein. Under
denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS—-PAGE)
conditions, the fluorescein migrated with the subunit and with the polymer-modified
subunit, which indicates that the fluorescent dye was bound covalently to the construct
and not just sorbed onto the protein—polymer composite (Appendix C, Figure C11). When
analyzed by native agarose gel electrophoresis, a net shift in the electrophoretic mobility
of the P22g39c-xAEMA and P22530cxAEMA-FITC was observed, caused by the polymer
and FITC altering the charge of the construct (Figure 5.6A). The observed shift indicates
that the polymer and dye were associated tightly with the protein cage. The P22g39c-
xAEMA-FITC was labeled to the extent that the migration of a distribution of species
was visible prior to staining under ambient light, but P22g39c-int-FITC was observed only
weakly (Figure 5.6B). In contrast, the emission signal of the P22g39cxAEMA-FITC
distribution was depressed in intensity compared to that of the much less heavily labeled
P22g39c-int-FITC (Figure 5.6C), which probably results from self-quenching of the
fluorophore caused by the abundance of polymer-bound fluorescein in close proximity.
This apparent loss of fluorescence intensity was confirmed by solution -phase analysis of
the constructs, in which a greater than 95% reduction in fluorescence was observed in the

P22530c-xAEMA-FITC compared to P22g39c-int-FITC (Appendix C, Figure C12). Similar
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quenching was shown in systems with high fluorophore concentrations, such as micelles,
where derivatives of fluorescein can lose more than 98% of their fluorescence signal

.. . . . 205: 2
because of proximity and dimerization effects. 2> 2%

Figure 5.6: Polymer formation and covalent modification with FITC was verified by
native agarose gel electrophoresis. (A-C) Three different views of the same native
agarose gel with P22g39c-int-FITC (lane 1), P22g39c-int (lane 2), P22g39c-xAEMA (lane
3), and P22g39c-xAEMA-FITC (lane 4). A) The gel was stained with Coomassie to detect
the protein component. The P22g39c-xAEMA runs slightly out of the well in the opposite
direction to the other proteins due to the net positive charge on the poly(AEMA) at the
running-buffer pH. Labeling this construct with the negatively charged FITC reverses the
effective net charge on the construct and results in a shift in migration direction. B) The
unstained gel under ambient light. The P22g39c-int-FITC sample is faintly visible and the
P22530c-xAEMA-FITC sample is clearly visible, which signifies the relative degree of
FITC labeling in each sample. C) The unstained gel illuminated with a laser at 488 nm
and detected at 520 nm to highlight FITC. The P22g39c-int-FITC is considerably brighter
than the P22g39c-xAEMA-FITC, which indicates the relative degree of fluorescence
quenching in each sample.
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After demonstrating polymerization within the P22 capsid and the postsynthetic
modification of the functional groups, we explored the P22g39c-xAEMA composite
system as a potential T1 contrast agent through the attachment of Gd-DTPA-NCS (3) to
the encapsulated polymer. Gd-DTPA-NCS was added, in a 100 -fold excess per subunit,
to the P22g30c-XxAEMA or P22g39c-int and allowed to react overnight, followed by
pelleting by ultracentrifugation and resuspension of the protein twice in each of four
experimental replicates. The resulting material (P22s30c-XxAEMA-Gd or P22g39c-int-Gd)
was analyzed for both sulfur and gadolinium content by inductively couple plasma mass
spectrometry (ICP-MS) to determine both the Gd and protein concentrations. To rule out
the possibility of simple electrostatic interaction between the polymer and Gd-DTPA,
controls with both P22g39c-xAEMA and P22g39c-int were incubated and isolated, under
the same conditions as above, with Magnevist (Gd-DTPA), which lacks the aminereactive
isothiocyanate. When these constructs were analyzed by native agarose gel
electrophoresis (Appendix C, C13), a net shift in the electrophoretic mobility of the
P22530c-xAEMA-Gd was observed, caused by the polymer and Gd-DTPA-NCS altering
the net charge of the construct, but the P22g39c-xAEMAMagnevist sample retained the
same low electrophoretic mobility as that of the P22g39c-xAEMA, which provides
evidence that there were no significant electrostatic interactions between P22g39c-
xAEMA and Gd-DTPA.

The Gd-DTPA loading per P22 was determined quantitatively for each of the
constructs from the ICP-MS data. The P22439c-xAEMA-Gd contained 28 times more

Gd/VLP than the P22g39c-int-Gd control (320 Gd/VLP, <1 Gd/subunit), where
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endogenous lysines were modified, which indicated that it is largely the polymer that is
being labeled rather than the protein shell. The low reactivity of the endogenous P22
lysines was reported previously, with only a few of the 20 lysines per subunit observed to
be reactive.'®® This minimal background reactivity is advantageous because it means that
in the P22g39c-xAEMA sample the vast majority (>95%) of the addressable sites are
located on the encapsulated polymer. If necessary, endogenous lysines could be blocked
chemically prior to polymerization.5 ' The P22s30c-xAEMA-Gd loading per cage was
9,100 £+ 800 Gd/VLP (22 + 2 Gd/subunit), which corresponds to an internal concentration
of 150 mM Gd within the VLP. This is significantly more Gd, both on a per-cage and per-
subunit basis, than that in previous reports using VLPs, with values that ranged from less
than 1.0/subunit to 6.6/subunit (60/VLP to 650/VLP), and highlights the advantage of
using the full capacity of the interior volume, > 26:3% 434384106207 "1y addition, both the
P22530c-xAEMA and P22g39c-int incubated with Magnevist (Gd-DTPA) contained Gd
levels below the lower limit of quantification, which demonstrates that the Gd detected is
attached covalently to the protein—polymer construct rather than associated via
electrostatic interactions under the labeling reaction conditions.

To verify that the high loading observed was reasonable and occurred
homogeneously across the population of P22 capsids, the particles were analyzed by
analytical ultracentrifugation to investigate differences in sedimentation velocity (Figure
6.7). The measured sedimentation value of the P22g30c-xAEMA (167 S) falls within the
range observed for P22g39c-int (142 S) and the scaffold protein-filled PC morphology

(191 S), which indicates that the polymer content does not exceed the packing observed
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in the naturally occurring self-assembled system. Covalent modification of polymer with
Gd-DTPA-NCS to make P22g39c-xAEMA-GA resulted in a shift to a higher S value (227
S), which is consistent with the efficient incorporation of additional mass via Gd-DTPA-

NCS to the interior of the VLP.
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Figure 5.7: Analysis of sample population homogeneity by analytical ultracentrifugation.
Samples were centrifuged at 5,000-7,000 rpm and absorbance data were acquired at 280
nm and modeled to calculate the apparent sedimentation coefficient distribution Is-g*(s)
for each sample. The measured sedimentation value of the P22g39c-xAEMA (167 S)
shows an increase from that of P22g39c-int (142 S) and covalent modification of polymer
with Gd-DTPA-NCS to make P22g30c-xAEMA-Gd resulted in a shift to a higher S value
(227 S), consistent with the incorporation of additional mass via Gd-DTPA-NCS labeling
of the polymer. These data indicate that there is a homogeneous shift in the entire
population to higher S values with each modification.
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The 1H relaxivity of water in the presence of these highly loaded P22g39c-
XxAEMA-Gd particles and P22g39c-int-Gd was measured at 60 MHz (1.4 T), using an
inversion recovery -pulse sequence. The P22g39c-xAEMA-Gd and P22g39c-int-Gd had
ionic relaxivities (r1) of 22.0 mM's”" and 23.5 mM™'s”, respectively. The observed
improvement in rl for both constructs is consistent with an enhancement over free Gd-
DTPA (4.0 mM-1s-1) due to an increase in the rotational correlation time that arises from
tethering the chelate to a large supramolecular particle.”> *® In addition, because the ionic
relaxivity is enhanced similarly in both constructs it can be concluded that the polymer
does not restrict water exchange significantly between the bulk and the interior of the
P22g39c-xAEMA-Gd composite, as water restriction would lessen the observed
enhancement, as is seen in some micelles and liposomes. > 2%

In addition to the ionic relaxivity enhancement, each P22g39c-xAEMA-Gd carries
9,100 + 800 Gd/VLP, which leads to a per particle relaxivity of 200,000 mM™'s™". The
particle relaxivity of P22g39c-xAEMA-Gd dramatically exceeds that of the P22g39c-int-Gd
control (7,500 mM's-") and those in previous reports of VLP nanoparticle -based MRI
contrast agents, with values that fall in the range of 103—104 mM g™, 277 20: 36 43-43: 84: 106:
27 The particle relaxivity is also higher than those observed for many other
macromolecular assemblies, such as micelles, liposomes and polymers, which places this
construct comfortably in the upper end of observed macromolecular relaxivities for its

. ;208-211
S1Z6.39’ 08
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Conclusion

In summary, the application of ATRP for site-directed polymer formation inside a
VLP results in an anchored network that is unparalleled for labeling purposes and utilizes
the previously largely untapped interior volume of the VLP. The P22g39c-based
macroinitiator effectively directs polymer growth to the VLP interior, which results in a
confined polymer growth because the protein shell acts as a barrier to unconstrained
polymer growth, to leave only the protein shell exposed to the bulk solution. By selecting
an appropriate macroinitiator and monomer, this new multimeric protein—polymer
composite acts as a scaffold for the attachment of small molecules of interest, such as the
fluorophore FITC or paramagnetic MRI contrast agents (here, Gd-DTPA-NCS). The
introduced polymer scaffold results in a significantly increased number of labels per cage
compared to those of other VLP -based systems. The improvement in labeling is
important for the delivery of contrast agent on a per-particle basis as it allows for a high
concentration delivery of contrast agent or other cargo molecules of interest. This
material exhibits an order -of -magnitude improvement in relaxivity per particle over that
of existing VLP systems. The use of this material as a targeted MRI contrast agent is
particularly interesting because of the high relaxivity and is an application we are
exploring further. As a consequence of the simplicity, modular nature and loading level of
the ATRP -based approach taken to make these P22—polymer internal composites,
currently this same method is being employed to make a range of novel VLP— polymer

composites with biomedical and catalytic applications.
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Experimental

All materials were analytical grade and purchased from either Sigma-Aldrich or
Fisher Scientific and used as received unless otherwise noted. Dichloromethane was
distilled over calcium hydride prior to use. All water was deionized using a NANOpure
water purification system. Dynamic light scattering measurements were taken on a

90Plus particle size analyzer (Brookhaven).

Mutagenesis.

The P22(S39C) point mutation was made using established polymerase chain
reaction protocols (Qiagen) using pET-1la based plasmids encoding genes for
scaffolding and coat protein. The amplified DNA was transformed into E. coli strain

BL21 (DE) and selected for ampicillin resistance.'™’

Protein Purification.

Transformed BL21 (DE3) E. coli were grown in 1L cultures inoculated with 1 mL
starter culture at 37°C with vigorous shaking overnight. The bacteria were then
centrifuged away from the media at 3700 g for 20 minutes. The cell pellets were
resuspended in PBS pH 7.2 and were incubated with DNAse, RNAse, and lysozyme (all
Sigma-Aldrich) for 30 minutes on ice. Cells were lysed further by sonication on ice. The
cell debris was removed via centrifugation at 12,000 g for 45 minutes. The supernatant
was then loaded on a 35% sucrose cushion and centrifuged at 48,000 rpm for 50 minutes
in an ultra centrifuge (Sorvall). The resulting virus pellet was resuspended in PBS pH 7.0,

spun at 17,000 rpm for 20 minutes to remove particulates and lipid providing 135 mg of
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P22 procapsid (PC). Scaffold protein was extracted using 0.5 M guanidine-HCI in 4
repeated cycles. The P22 empty shells were then dialyzed against PBS pH 7.0 overnight
resulting in 86 mg (64% yield) P22 empty shell (ES). The empty shell P22 was heat
treated for 20 min at 65°C to transform the protein into its expanded form as previously
described and analyzed.'®” The heat treated samples were purified by pelleting as above,
followed by resuspension into PBS pH 7.6 in preparation for protein labeling yielding 58
mg (68% yield form ES) of P22 expanded shell (EX) from 1L of initial E. coli culture.

Synthesis of 2-Bromoisobutyryl
Aminoethyl Maleimide (1).

1 was synthesized by a modification of the procedures previously reported.''% 2%

N-2-aminoethyl-maleimide (250 mg, 0.98 mmol) was mixed on ice with triethylamine
(300 pL, 2.2 mmol) in 5 mL dry dichloromethane. 2-bromo-2-methylpropionylbromide
(200 pL, 1.6 mmol) was added dropwise. The reaction was allowed to warm to room
temperature and was subsequently extracted 3 times from dichloromethane and water
followed by drying over anhydrous sodium sulfate. The crude product was cleaned via
column chromatography (silica gel, 10% ethyl acetate in dichloromethane) with a yield of
80%. '"H NMR (500 MHz, CDCls) & = 1.89 (s, 6H, CH3); 3.46 (dd, J = 5.5, 5.5, 2H,
NCH,); 3.72 (dd, J = 5.0, 1.5, 2H, NCHy); 6.71 (s, 2H, CHyiny), 6,97 (s, NH). C 5 =
32.54 (CHz3), 37.34 (NCH,), 39.84 (NCH,), 62.51 (C), 134.59(CHyiny1), 170.96 (CO),
172.74 (CO). ESI-MS: m/z calculated 289.0188, 291.0167 (MH"), found m/z 289.0192,

291.0179.
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P22-int Macroinitiator Formation Conditions.

P22g39¢ in PBS, pH 7.6 (4 mL, 7.2 mg/mL) was infused with 156 pL of 1 (80 mM
inDMSO, 10 fold excess per a subunit). The mixture was allowed to react for 3 hrs at
room temperature. After 3 hrs the reaction was quenched with DTT (156 uL, 80 mM in
water). To remove excess DTT and 1, the protein was pelleted at 48,000 rpm for 50
minutes in an ultra centrifuge (Sorvall) followed by resuspension into PBS, pH 7.6. By

subunit mass spectrometry >95% of the subunits were labeled. Yield: quantitative.

P22-AEMA Polymer Formation Conditions.

Each experimental replicate was made in a large crimp-top vial with the addition
of 20 mL monomer solution (4 wt% 16:4 AEMA:bis-acrylamide in PBS, pH 8.0) and 11
mL buffer (PBS, pH 8.0) followed by pH adjustment with concentrated sodium hydroxide
solution as needed back to pH 8.0. To this mixture, 6 mL of P22-int (8.0 mg/mL, 1.0
pumoles subunit, pH 8.0) was added followed by pump and back filling with Ar 4 times to
deaerate the mixture. The metal catalyst solution was made in a second crimp vial where
19.2 mg CuBr (0.13 mmoles), 29.9 mg CuBr2 (0.13 mmoles), and 83.5 mg 2,2’-
bipyridine (0.53 mmoles) followed by the addition of 10 mL deionized water which had
been degassed by bubbling Ar through the liquid for 20 minutes. The vial was
subsequently sonicated for 5 min to obtain a dark brown solution. To the monomer-
protein vial, 3 mL of the metal catalyst solution was added and the vial was maintained at
23 °C for the remaining duration of the experiment. After 3 hr the reaction was quenched

by exposure to air and the protein-polymer composite was purified away from unreacted
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monomer and the copper catalyst by pelleting and resupending the protein 2 times into

100 mM sodium carbonate with 50 mM NaCl buffer, pH 9.0. Yield: 38.7 mg (81%).

FITC (2) Labeling Conditions.

To 2.0 mL P22g39c-xAEMA (0.086 umoles subunit, carbonate buffer, pH 9.0) at 2
mg/mL, 343 puL FITC (8.6 mmoles, 25 mM in DMSO) was added dropwise while
vortexing the protein solution. The mixture was allowed to sit overnight at 4 °C followed
by purification away from excess FITC by pelleting and resuspending (carbonate buffer,

pH 9.0) the protein twice over.

Gd-DTPA-NCS (3) Labeling Conditions.

Gd-DTPA-NCS was made according to established procedures.’® Briefly, 2.80 mg
(4.31 umoles) DTPA-NCS was dissolved in 40 pL of 1M sodium bicarbonate and 200 pL
water. Once the DTPA-NCS was completely dissolved, 5.27 pLL GdCI; (900 mM in water,
4.74 pmoles) was added to the solution and stirred for 3 hrs at room temperature. The
solution was subsequently diluted to 10 mM with DMSO (186 puL) and added to the
protein-polymer conjugate as follows. To 4.0 mL (0.17 pmoles subunit, 2 mg/mL
carbonate buffer, pH 9.0) P22g39c-AEMA, 1700 pL (17 umoles) Gd-DTPA (10 mM in
DMSO/H;0) was added dropwise while vortexing the protein solution. The mixture was
allowed to sit overnight at 4 °C followed by purification away from excess Gd-DTPA by

pelleting and resuspending the protein twice. Yield: 5.2 mg (65%).
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Subunit Mass Spectrometry.

Subunit masses of the P22 coat and P22-int macroinitiators were analyzed by ESI-
Q-TOF mass spectrometry (Q-TOF Premier, Waters) interfaced to a Waters Acquity
UPLC and autosampler. 2'? Samples were loaded onto a BioBasic-300 SEC column (5
um, 250 L x 1.0 mm LD., Thermo Scientific) and eluted with buffer containing 40%
isoproanol, 59.9% water, and 0.1% formic acid isocratically with a rate of 25 pL/min.
Mass spectra were acquired in the range of m/z 50-5000 and processed using the MaxEnt
1 algorithm for MassLynx version 4.1 to obtain deconvoluted average masses from

multiple charge state distributions.

Transmission Electron Microscopy.

The P22-int macroinitiators and P22-polymer composites were imaged by
transmission electron microscopy (Leo 912 AB) by negatively staining the sample with
1% uranyl acetate on formvar carbon coated grids. For the diameter measurements 200

particles were measured for each sample.

Denaturing Gel Assay.

P22-int macroinitiators and P22-polymer composites were analyzed using SDS-
PAGE on 10-20% gradient Tris-glycine gels (Lonza). Fluorescence imaging of the gels
was carried out on a Typhoon TRIO (GE Healthcare) gel scanner with excitation at 488

nm and detection at 526 nm. Protein was detected by staining with Coomassie blue.
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Native Agarose Gel Assay.

P22-int macroinitiators and P22-polymer composites were analyzed on 0.8%
native agarose gel using 40 mM Tris-base, 5 mM sodium acetate, 1 mM EDTA, pH 8.2
running buffer and were run for 3 hrs at 65 volts. Fluorescence imaging of the gels was
carried out on a Typhoon TRIO (GE Healthcare) gel scanner with excitation at 488 nm

and detection at 526 nm. Protein was detected by staining with Coomassie blue.

Multi-Angle Light Scattering.

P22-int and P22-xAEMA samples were separated over a WTC-0100S (Wyatt
Technologies) size exclusion column at flow rate of 0.7 mL/min (Agilent 1200 HPLC) in
50 mM phosphate, 500 mM sodium chloride, pH 8.0. Each sample injection was 25 uL
and the samples were run in triplicate. Elution profiles were for mass analysis were
detected using a UV-Vis detector (Agilent), aWyatt HELEOS multi angle light scattering
detector, and a Wyatt Optilab rEX differential refractometer. Using the elution profile
data the number average molecular weight, Mn, was calculated with Astra 5.3.14
software (Wyatt Technologies) using a dn/dc for protein of 0.185 and a dn/dc for the

polymer component of 0.153.2*

Analytical Ultracentrifugation.

Sedimentation velocity experiments were performed in an XL-A ultracentrifuge
(Beckman Coulter, Fullerton, CA) using a AN-60Ti rotor. Epon double-sector
centerpieces were filled with 390 pL or 400 pL of sample and the corresponding
reference buffer, respectively. The samples were centrifuged at 20°C and 5,000-7,000

rpm. Absorbance data were acquired at wavelength of 280nm. The raw data were
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analyzed using SEDFIT software, implementing the Is-g*(s) model. Input parameters

such as buffer density and viscosity were determined using Sednterp software.

Relaxivity Measurements.

T1 measurements were carried out on Anasazi FT-NMR 60MHz (1.41 T)
spectrometer for all samples. Each P22-xAEMA-Gd (0.61 mM Gd, 1.3 mg/mL protein)
experimental replicate was diluted with 67% D,O in H,O to yield a dilution series with
concentrations of 0.20, 0.068, 0.023 mM Gd. The longitudinal relaxation rate constant
(T1) at each dilution was measured using an inversion recovery pulse sequence (90° pulse
width of 6.3 ps with 8 experiments of 1 scan) at 298 K, where the relaxation delay was
set to six times the estimated T1 (Figure Appendix C, Figure C12A-C). To attain the

actual T1 value, the following equation for T1 relaxation:

M, = A(1-exp(-t/T1))+B

was fit to the experimental data acquired at each dilution where A, B, and T1 were
used as fitting parameters. {Mitchell, 2004 #171} The plot of inverse T1 versus Gd (mM)
for the 3 dilutions was used to determine relaxivity values (r1), where relaxivity per Gd is
equal to the slope of the line (Appendix C, Figure C12D) and relaxivity per VLP was

calculated by multiplying the slope by Gd/VLP.

Protein and Gd Concentration.

The protein concentration was determined by analyzing samples for sulfur content
and Gd concentration by inductively couple plasma mass spectrometry (ICP-MS) at

Energy Labs (Billings, MT). Samples were submitted in triplicate and average
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concentrations were reported. The protein concentration was obtained by subtracting
from the detected sulfur concentration the Gd contribution due to sulfur in the DTPA-
NCS chelator. The remaining sulfur content was converted to subunit concentration using
a conversion factor of 13 thiols per a subunit (the initial Met in the P22 coat sequence is

never present in the final protein according to mass spectrometry).
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Abstract

Virus-like particles are powerful platforms for the development of functional
hybrid materials. Here, we have grown a cross-linked polymer within the confines of the
bacteriophage P22 capsid (P22-xAEMA) and functionalized the polymer with various
loadings of paramagnetic manganese (III) protoporphyrin IX complexes (MnPP) for
evaluation as a macromolecular MRI contrast agent. The resulting construct (P22-
XAEMA-MnPP) has 1y paricle = 7,098 mM T.g 1 at 298 K, 2.1 T (90 MHz) for a loading
of 3,646 MnPP/capsid. The Solomon-Bloembergen-Morgan (SBM) theory for
paramagnetic relaxivity predicts conjugating MnPP to P22, a supramolecular structure,
would result in an enhancement in ionic relaxivity, however, all loadings experienced low
ionic relaxivities ranging from ry jonic = 1.45 mM T.sTt0366mM ™! -5 '1, similar to
ionic relaxivity of free MnPP. We hypothesize that intermolecular interactions between
neighboring MnPPs block water access to the metal site resulting in low 1 jonic
relaxivities. We investigated the effect of MnPP interactions on relaxivity further by
either blocking or exposing water binding sites on MnPP. Based on these results, future
design strategies for enhanced rjiomic relaxivity are suggested. The measured 1 ;onic
relaxivities demonstrated an inverse relationship between loading and relaxivity. This
results in a loading dependent r»/r; behavior of these materials indicating synthetic
control over the relaxivity properties making them interesting alternatives to current MRI

contrast agents.
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Introduction

Paramagnetic metal ions, such as gadolinium, manganese, and iron, have been
extensively studied as MRI contrast agents due to their ability to efficiently relax water
protons. Gadolinium-based small molecules are predominantly used in medical imaging
protocols as T;-enhanced MRI contrast agents " *'°, but free gadolinium (III) ions are
highly toxic and can cause nephrogenic systemic fibrosis (NSF) in patients with renal

214; 215

failure . Thus, there are considerable efforts to develop effective alternative contrast

216 with limited toxicity at low

agents, and manganese is a promising candidate
concentrations. High metal/ligand complex stability is an important factor in contrast
agent development to avoid metal-ion exchange or release and can be provided by
macrocycles such as porphyrins 2!’

Over the years, a variety of porphyrins chelated with manganese (III) ions have

been investigated for their potential use as magnetic resonance (MR) contrast agents >

22 Recently, Winter et al. successfully engineered a heme protein, heme nitric oxide /
oxygen-binding (H-NOX) protein to replace its native heme with manganese (III)
protoporphyrin IX complexes (MnPP) ***. The engineered H-NOX exhibited enhanced
relaxivity (11 ionic = 12.0 mM 151y at 60 MHz compared to the protein containing its
native heme (rionic = 5.9 mM 1o sy and commercially available manganese and
gadolinium-based contrast agents (rjjonic = 3.0 mM 1 s ! for both). Although
engineering of a heme protein as a scaffold of MnPP is an elegant approach, the number

of MnPP per protein is limited to the number of heme binding sites, i.e. one per protein in

their paper. In order to progress towards clinical application, we aim to establish a well-
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designed molecular system that has the capability to encapsulate such agents with much
higher loading density, protect them from the external environment, and deliver them to a
targeted tissue.
One approach has been to use covalent attachment of small-molecule contrast

.1 . .
agents to macromolecular platforms *>'””. Various groups have explored dendrimers '”*,

39; 179 36; 51

liposomes , protein cages , and gold nanoparticles '* as potential platforms for
conjugation of small-molecule contrast agents. Virus-like particles (VLPs) derived from
virus particles but devoid of their nucleic acid have an advantage over other systems
because of their large macromolecular size and control over assembly, which allows for
high loading density of desired cargo molecules. We, and others, have explored these
systems, such as Cowpea chlorotic mottle virus (CCMV) *, Tobacco mosaic virus
(TMV) ***, Cowpea mosaic virus (CPMV) *, bacteriophages QP '°°, MS2 *** and P22
108: 224: 225 35 macromolecular platforms for contrast-agent development. Although this
research has resulted in the successful development of VLP-based MRI contrast agents,
most of them utilized only the capsid surface to anchor imaging probes, not taking full
advantage of the large interior cavity of the capsids.

Recently, we have successfully exploited the interior cavity of the P22 viral
capsid and developed Gd-based MRI contrast agents with significantly high ionic (per Gd
ion) and particle (per P22 capsid) relaxivities. In those studies, organic polymers were
synthesized in the confined environment of the interior cavity of P22 VLPs either by a

series of azide-alkyne ‘click” reactions'®™ or by atom-transfer radical polymerization

(ATRP),”” and were used as a scaffold to conjugate imaging molecules via a reactive
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functional group on the polymer. This resulted in a significant increase in loading
capacity of the cargo by taking full advantage of the capsid volume. Here, we explore the
use of manganese (III) protoporphyrin IX (MnPP) complexed with P22 VLP-polymer
hybrids (P22-xAEMA) as potential MRI contrast agents. MnPP was conjugated to P22-
xAEMA via a coupling reaction between carboxyl groups of the porphyrin and pendant
amine groups of the P22-xAEMA (Figure 6.1) resulting in a high per-particle relaxivity
for efficient T;-enhanced MRI contrast-agent development. Furthermore, as ionic
relaxivities of these constructs were lower than expected, we investigated MnPP
aggregation, which we hypothesize is due to intermolecular interactions between
neighboring MnPP that can potentially block water access to the metal site, and discuss

potential solutions.

P22-xAEMA P22-xAEMA-{3
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Figure 6.1: (a) Manganese (III) protoporphyrin IX MnPP (1) was reacted with EDC/NHS
for 15 min in DMSO to create an activated species (2). (b) The resulting product (2) was
reacted with P22-xAEMA for 1 hr in carbonate pH 9 buffer to couple MnPP to reactive
amine groups on the P22-xAEMA polymer.
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Results and Discussion

Synthesis

Manganese (III) protoporphyrin IX (MnPP) was attached to P22-xAEMA with
various loadings by means of a simple coupling reaction.'*! The carboxylate groups of
MnPP were activated with EDC/NHS and reacted with the amine functional groups of the
P22-xAEMA polymer, encapsulated on the interior of the P22 capsid (Figure 6.1). MnPP
has two carboxyl groups and both could be coupled with the amine groups of the P22-
XxAEMA polymer. It is difficult to differentiate between the numbers of singly labeled
carboxyl groups versus doubly labeled, and so, to minimize activation of both carboxyl
groups on MnPP, a 1:1 molar ratio of EDC:NHS was added per MnPP. To investigate
MnPP conjugation to the surface of P22 capsid, the reaction was also conducted on
unpolymerized P22. After removal of excess MnPP and coupling agents, the
concentration of protein and attached MnPP of the resulting materials (P22-xAEMA-
MnPP or P22-MnPP) was determined by UV-VIS spectroscopy using known molar
absorbtivities.

To determine the extent of non-covalent interactions between MnPP and the
polymer and/or P22, both P22 and P22-xAEMA were incubated with MnPP (100x
MnPP/subunit P22) in the absence of EDC/NHS. Successful attachment of the MnPP via
EDC/NHS coupling was clear from the visible characteristics of the samples (Figure
6.2a) and confirmed spectroscopically when compared to the non-covalent interaction
controls (Figure 6.2b, c). After purification by spin column, the P22-xAEMA-MnPP

sample exhibited a UV-VIS spectrum (Figure 6.2¢) in which the expected peaks for
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MnPP at 365, 472, and 562 nm 222 were clearly visible, confirming the formation of P22-

xAEMA-MnPP.
1.0 1.0
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Figure 6.2: (a) Photos of each samples: (1) P22-MnPP w/o EDC, (2) P22-MnPP w/ EDC,
(3) P22-xAEMA-MnPP w/o EDC and (4) P22-xAEMA-MnPP w/ EDC (1,200
MnPP/capsid). All 4 samples were incubated with 100x MnPP/subunit P22. Purification
was performed using spin columns (twice) to remove unreacted manganese porphyrin
from P22 and P22-xAEMA treated without (no color) and with (reddish color)
EDC/NHS. UV-Visible spectra of (b) P22-MnPP w/ (red) and w/o (blue) EDC or (c)
P22-xAEMA-MnPP w/ (red) and w/o (blue) EDC. Appearance of expected peaks for
MnPP (green, dotted) show up at 365, 462, and 562 nm for both P22-MnPP and P22-
XxAEMA-MnPP with EDC/NHS (red) while peaks are less prevalent for controls without
EDC/NHS (blue), and not at all for P22 (black, dotted).

Characterization

The MnPP loading per P22 capsid was determined for each of the constructs from
their UV-VIS spectra. As shown in Appendix D, Table D1, the MnPP loading per capsid
in the P22-xAEMA-MnPP ranged from 121 MnPP/capsid to 3,646 MnPP/capsid and was
tunable based on molar excess of MnPP added per capsid during the reaction.
Unpolymerized P22-MnPP resulted in 778 MnPP/capsid, the result of labeling

endogenous lysines in the P22 capsid. There was some evidence of non-covalent
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interactions between MnPP and P22, with loadings of 155 MnPP/capsid and 90
MnPP/capsid for P22-xAEMA-MnPP w/o EDC and P22-MnPP w/o EDC, respectively.
All of the following characterization was done on 1,200 MnPP/capsid loading as a

representative sample of P22-xAEMA-MnPP.
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Figure 6.3: (a-c) Average diameters by dynamic light-scattering for P22 (a), P22-xAEMA
(b), and P22-xAEMA-MnPP (1,200 MnPP/capsid) (c). The P22-xAEMA-MnPP
construct retains its size, indicative of monodisperse population after conjugation of
manganese (III) protoporphyrin IX. (d-f) Transmission electron microscopy images of
P22 (a), P22-xAEMA (e), and P22-xAEMA-MnPP (1,200 MnPP/capsid) (f) shows that
P22 maintains its overall morphology after conjugation to MnPP.

To confirm that the reaction with MnPP/EDC/NHS did not alter the morphology
of the P22 via inter-particle cross-linking after EDC activation or aggregation, the size of
the P22-xAEMA-MnPP was characterized. The hydrodynamic diameter, as measured by

dynamic light scattering (DLS), remained essentially unchanged for the covalently-linked
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MnPP samples (Figure 6.3a-c). Particle diameters 68 = 6 nm (P22-xAEMA) and 64 + 7
nm (P22-xAEMA-MnPP) were observed as compared to the unmodified P22 sample of
68 + 4 nm, suggesting there was no inter-particle cross-linking mediated by the EDC
reaction. When the particles were visualized by transmission electron microscopy (TEM),
the morphology of the P22 appeared unchanged before and after the MnPP conjugation
reaction (Figure 6.3d-f), further confirming that the cage-like structure of the P22 VLPs
was unaffected by the coupling reaction. Analysis by SDS-PAGE (Figure 6.4) showed no
appearance of new bands before (lane 3) and after (lane 4) modification of P22-xAEMA
with MnPP. The streaking and appearance of higher molecular weight bands for P22-
XxAEMA (lane 3) compared to P22 (lane 2) is expected and indicative of formation of
intra-particle subunit-subunit coupling due to polymer cross-linking on the interior of the
capsid. Together these data suggest that the overall P22 morphology was unaffected after

conjugation with MnPP.
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Figure 6.4: SDS-PAGE gel with marker (1), P22 (2), P22-xAEMA (3), and P22-xAEMA-
MnPP (1,200 MnPP/capsid) (4).
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NMR and (T, and T,) Relaxivity

We investigated T, relaxivity as a function of MnPP loading on a per Mn basis
(T1ionic) and per P22 capsid basis (ri paricle), over a range of loadings from 90 to 3,646
MnPP/capsid at 2.1 Tesla (90 MHz). The loading factor appeared to have almost no

-1
across the range of

impact on ry jonic relaxivity, which remained below 5 mM 1o
loadings (Figure 6.5a). However, the ry paricie increased with loading factor and the high
loading capacity of the MnPP/capsid compensates for lower ionic relaxivities, with the
highest observed ry particte = 7,100 mM . s M for this system (Figure 6.5b).

The 12,0nic relaxivity was also evaluated for this system and was observed to have
an inverse relationship with the MnPP loading factor (Figure 6.5a). The 13 ionic relaxivity
decreased significantly with increasing MnPP loading factor at lower loading and
gradually leveled off at higher loading. A similar phenomenon has been reported in an
investigation of 12 jonic relaxivity at the initial stages of iron uptake in ferritin 226 1 this
paper, it is proposed that 12 jonic relaxivity decreases with increasing Fe loading factor due
to the formation of antiferromagnetically coupled clusters. Similarly in our P22 system
there may be more MnPP clusters at higher loading factors that can couple
antiferromagnetically and which decrease the overall 13 jonic relaxivity of the sample. The
negative impact of antiferromagnetic coupling could also affect ryonic relaxivity 227,
but we did not see a corresponding decrease in ry jonic relaxivity across the MnPP loading

range we examined. This phenomenon could be interesting to explore further in the

future.
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At lower loadings, the sample exhibits high ry/r; (see Appendix D, Table DI),
suggesting that this system could potentially be used as a T,-enhanced contrast agent.
However, at higher loadings, r,/r; approaches 1, thus shifting toward a T;-enhanced
contrast agent. Therefore, P22-xAEMA loaded with MnPP can be tuned to be either a T

or T, contrast agent by controlling the loading factor.

(a) 30- (b) 10000
or A A
N r1 P22 xAEMA MnPP w/ EDC 9000 —
2 P22 xAEMA MnPP w/ EDC
25 _AA o r1 P22 xAEMA MnPP w/o EDC © 8000 A
% A T2 p22 xAEMA MnPP w/o EDC 2
2 © T4 P22 MnPP w/ EDC = 7000 - o
— 207 4 T2 P22 MnPP w/ EDC ~ °
o ® T p22 MnPP wio EDC - 6000
< AT 0
o 15~ 2 P22 MnPP wfo EDC F«.n 5000 — . °
—.z 's A
z £ 4000 .
o 104 2 A
5 £ 3000 a
o A g
A 2000 " o °°
57 A
A A A 1000
° o ¢ oo © o & °
500 1000 3000 4000 500 1000 3000 4000
MnPP/capsid MnPP/capsid

Figure 6.5: Ionic (a) and particle (b) relaxivities r; (blue circles) and r; (red triangles) of
P22-xAEMA-MnPP at different loadings of MnPP, ranging from 121 to 3,646
MnPP/capsid, with P22-xAEMA-MnPP w/o EDC (155 MnPP/capsid) represented in
pink, P22-MnPP w/ EDC (778 MnPP/capsid) represented in orange, and P22-MnPP w/o
EDC (90 represented in green. Loading has no impact on 1 jonic, Which remains below 5
mM " - s ', while 12 onic dramatically decreases as loading increases.

Based on the Solomon—Bloembergen—Morgan (SBM) analytical model for

183; 184; 228-230

understanding paramagnetic relaxivity we expected that the 1y jonic relaxivity

would be enhanced after conjugation of MnPP to the macromolecular P22 capsid ' 2%

21 But contrary to expectations we did not observe an enhancement. The SBM model
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predicts that the relaxivity is dominated by three important parameters: the number of
metal-bound water molecules (q), the mean residence lifetime for metal-bound water
(tm), and the rotational correlation time (tr). We, and others, have effectively used this
model to predict and design new contrast agents that optimize these important parameters
2555108 Both 1 and Ty of free MnPP (tr = 50 - 80 ps, v = 10 ns) 232 are comparable to
free Gd-DTPA (tr = 70 ps, Ty = 16 ns) '®. We have shown previously that conjugating a
Gd-DTPA to a similar P22-polymer system does not alter tyy of the small molecule
contrast agent '*® significantly, but does dramatically alter tz. Thus, we assumed the same
tr for the P22-xAEMA-MnPP system and assumed that Ty would be similar to that of
free MnPP. The nuclear magnetic dispersion profile (NMRD) for MnPP conjugated to a
large particle, such as the P22-xAEMA particle (tr around 10 ns) > ' is predicted to
have enhanced relaxivity at low field (20 MHz) '"°. Thus, the ionic relaxivity of P22-
xAEMA-MnPP (see Appendix D, Table D1), was measured at 0.45, 2.1, and 7 Tesla (19,
90, and 300 MHz) (Figure 6.6) with the expectation that we would see a relaxivity
enhancement, particularly at 0.45 T (19 MHz). For comparison, the relaxivity of free
MnPP at 14.5mM was also measured. The concentration of free MnPP was based on
local concentration of MnPP in the P22-xAEMA capsid, i.e. the volume of the spherical
64 nm P22 and number of Mn encapsulated as the P22-xAEMA-MnPP construct (1,200
MnPP / capsid). The results show that the relaxivity changes only slightly across field
strengths, and not as significantly as expected based on NMRD profiles of other

115; 233

macromolecular Mn-complexes and our previous work with macromolecular Gd-

based agents '*®.
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Figure 6.6: lonic relaxivities r; (blue circles) and r, (red triangles) of P22-xAEMA-MnPP
at 1,200 MnPP/capsid (closed) and free MnPP (open) at 14.5 mM (the same local
concentration of its P22-xAEMA-MnPP counterpart, see Appendix D, Table D1) at three
different field strengths of 0.45, 2.1, and 7 Tesla. The trend shows relatively small
changes in relaxivity across field strengths.

In order to understand why no increase in ry jonic relaxivity was observed for MnPP
after conjugation to P22 VLPs as compared to free MnPP, we explored interactions
between MnPPs further. The presence of intermolecular MnPP interactions could
structurally block water access to the manganese ion, resulting in a lower effective q and

e .. 232
thus a diminished 1 jonic relaxivity 3

. This clustering of MnPPs could account for the
observed lack of 1 jonic relaxivity enhancement for P22-xAEMA-MnPP, when compared

to free MnPP. We conducted the following two experiments to explore this possibility.
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Imidazole Titration Experiments

To probe the effects of water access to the Mn ion on the relaxivity, we titrated
free MnPP with imidazole, which is expected to bind the axial sites in MnPP and
compete for water access. This competitive binding experiment was monitored by both
changes in the optical spectrum and changes in the ionic relaxivity. Figure 6.7A and
Appendix D, Figure D2 show the changes in the UV-VIS spectrum of MnPP upon
titration with imidazole **. At 640 pM MnPP, imidazole was added at a in a range up to
1000 molar excess per MnPP. The UV-VIS spectrum shows an emerging peak at 482 nm,
which increased with increasing imidazole, clearly indicating interactions between the
imidazole and the MnPP complex (Appendix D, Figure D2). We further investigated the
effects of imidazole binding to MnPP by measuring the 'H relaxivity at 2.1 T (90 MHz)
at a range of added imidazole concentrations. We found an inverse relationship between
the change in absorbance at 482 nm (imidazole binding to MnPP) and the measured
relaxivity (Figure 6.7B). This is consistent with imidazole binding to both axial sites on
the MnPP at high imidazole concentrations, where these sites are essentially saturated
and the effective value of q approaches 0. Thus, imidazole appears to influence
intermolecular MnPP interactions and blocks water access, which has a clear, dominant

influence on the relaxivity.
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Figure 6.7: UV-VIS, absorbance at 482 nm (a) and 1/ jonic relaxivity at 2.1 Tesla (90 MHz)
(b) measurements were taken at 0, 10, 100, 500, and 1000 equivalents of added imidazole
to 640 uM MnPP. There is an inverse relationship between increase in absorbance at 482
nm due to imidazole binding to MnPP and decrease in relaxivity. Even at 10 equivalents
of imidazole a significant difference in relaxivity was observed.

D6-Acetone

In an attempt to disrupt intermolecular interactions between neighboring MnPPs
and potentially increase water access and therefore the number of bound and
exchangeable waters (q), we investigated the effects of adding acetone on the 11 jonic
relaxivity of free MnPP at concentrations based on the same local concentration of MnPP
in our P22-xAEMA-MnPP system. First, 1,ionic relaxivity of MnPP and P22-xAEMA-

MnPP were investigated at 2.1 Tesla (90 MHz). MnPP and P22-xAEMA-MnPP exhibited
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similar 1 jonic values at all concentrations, with free MnPP having slightly smaller 1/ jonic
values than P22-xAEMA-MnPP (Figure 6.8). Second, 1 jonic relaxivity of MnPP in the
presence of 20 % or 60 % D6-acetone was measured. These experiments were conducted
only as a proof of concept, as acetone is neither a suitable solvent for protein stability nor
for in-vivo applications. The free MnPP was treated with D6-acetone to disperse the
MnPPs and observe the impact on relaxivity (Figure 6.8). After treating free MnPP with
20 % D6-acetone, the ionic relaxivities did not show significant change, with only slight
increase in relaxivity at the lower MnPP concentrations. However, with 60 % D6-
acetone, a dramatic increase in ionic relaxivity was observed at all concentrations, with a
trend toward highest increase in relaxivity for the lowest concentration of MnPP. This

data correlates well with published data

and indicates that the acetone disrupts
intermolecular MnPP interactions, resulting in a greater water exchange at the manganese
centers and an increase in the effective value of q. Extrapolation from these data suggest
that the high local concentrations of MnPP inside the P22-xAEMA-MnPP probably
results in strong intermolecular interactions between neighboring MnPPs, resulting in a
lower observed ionic relaxivity compared to when the interactions are disrupted, as in the
case of free MnPP in the presence of acetone. This result implies that we could increase
ionic relaxivity of MnPP by disrupting inter-molecular interactions between MnPPs. For

example, modification of the porphyrin moiety, in a manner analogous to the designed

picket-fence porphyrins **°, could minimize MnPP interaction.
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Figure 6.8: Ionic relaxivities at different concentrations of free MnPP compared to P22-
XxAEMA-MnPP in carbonate pH 9 buffer (See Table S1 for corresponding loading
factors). The free MnPP was further treated with either 20% or 60% D6-acetone to try to
disperse MnPPs and see impact of acetone on relaxivity. MnPP (green) at same local
concentrations of MnPP for P22-xAEMA-MnPP (blue) exhibit similar r jonic values, with
free being slightly smaller P22-xAEMA-MnPP. After treating free MnPP with 20% D6-
acetone (red), the ionic relaxivities did not change much, only increasing slightly for the
lower concentrations. At 60% D6-acetone (orange), a dramatic increase in ionic
relaxivity was observed at all concentrations, with a trend toward highest increase in
relaxivity for lowest concentration of MnPP.

Conclusion

In summary, we have covalently encapsulated a large number of MnPP inside P22
VLP-polymer hybrids and demonstrated potential for this construct as a tunable MRI
contrast agent. This system could be a good alternative to gadolinium-based contrast
agents, which are known to be linked to nephrogenic systemic fibrosis. We can conjugate
more MnPP to P22-xAEMA versus P22 alone, using simple EDC/NHS to chemically

introduce MnPP to the P22 capsid up to 3,646 MnPP/capsid. The improvement in



117
labeling is important for the delivery of contrast agents on a per-particle basis, allowing
for high concentration delivery of the contrast agent. Although we do not see an
improvement in 1y onic relaxivity, the high per-particle relaxivity of the P22-xAEMA-
MnPP, resulting from high loading density, could be beneficial when these particles are
imparted with targeting cell capabilities. Our results suggest that we could also increase
I'ionic relaxivity of MnPP by disrupting inter-molecular interactions between MnPPs. In
future design iterations of these hybrid materials we might overcome intermolecular
interactions of MnPPs by altering the porphyrin moiety to minimize MnPP interactions

23 Alternatively, incorporation of other Mn-porphyrins, which have larger riionic

232; 236; 237

relaxivity, such as Mn-TPPS, , may enable us to more fully utilize the

advantages of the P22-polymer platform.

Experimental

All materials were analytical grade and purchased from either Sigma-Aldrich or
Fisher Scientific and used as received unless otherwise noted. All water was deionized by
use of a NANOpure water purification system. All protein samples that have been
chemically modified were analyzed via UV-VIS (UV-Vis; Model 8453, Agilent, Santa
Clara, CA) and dynamic light-scattering (DLS; 90Plus particle-size analyzer, Brookhaven
Instrument, Holtsville, NY). The synthesis of 2-bromoisobutyryl aminoethyl maleimide
has been reported **°. The manganese (III) protoporphyrin IX chloride was purchased

from Frontier Scientific.
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Mutagenesis, Protein Purification,
and P22-xAEMA Formation

The P22 (S39C) point mutation was made with established polymerase chain-
reaction protocols (Agilent) with pET-11a-based plasmids encoding genes for scaffolding
and coat protein. The amplified DNA was transformed into E. coli strain BL21 (DE3) and
selected for ampicillin resistance **°. P22 (S39C) procapsid (PC), made up of 420
subunits, was produced by a heterologous expression system in E. coli. and purified by a

previously described procedure 108

. The resulting virus pellet, after purification, was
resuspended in 100 mM sodium phosphate, 50 mM NaCl, pH 7.0, and spun at 17,000
rpm for 20 minutes to remove particulates and lipid. The PC was heat treated for 20 min
at 65 °C to transform the protein into its expanded (EX) form as previously described and
analyzed ®. The EX samples were purified by pelleting via centrifugation at 45,000 rpm
for 50 minutes in an ultra-centrifuge (Sorvall), followed by resuspension into 100 mM
sodium phosphate, 50 mM NaCl, pH 7.6 in preparation for protein labeling. The EX was
labeled with an ATRP initiator molecule and cross-linked AEMA polymer (P22-
XAEMA) was synthesized inside the P22 VLP cavity, as previously described ***. P22
procapsid (PC), expanded (EX), and polymerized (P22-xAEMA) samples were
characterized with SDS-PAGE, transmission electron microscopy (TEM, Leo 912 AB),
and dynamic light scattering (DLS, Brookhaven 90Plus, Brookhaven, NY) **°. The
protein concentration was determined by absorbance at 280 nm where an extinction
coefficient (65,920 M ' cm ™', subunit P22) was used. As described above, EX form of

P22 was exclusively used for P22-xAEMA formation, and hereafter, we will refer to

unpolymerized EX form of P22 as P22 and polymerized P22 as P22-xAEMA. All further
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labeling experiments with P22 and P22-xAEMA and sample analysis were conducted in
sodium bicarbonate buffer (100 mM sodium bicarbonate, 50 mM NaCl, pH 9.0) because

MnPP is more soluble in this buffer than in phosphate buffer at neutral pH.

Manganese (III) Protoporphyrin IX Labeling
Conditions (MnPP) — without EDC/NHS

P22 and P22-xAEMA were labeled with MnPP without the presence of 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS). First, a
30 mM stock solution of MnPP was made up in DMSO and vortexed until completely
dissolved. From the 30 mM MnPP stock solution, 72 pL (1.40 mg, 2.14 pumoles) MnPP
was diluted with 144 puL water. Next, to 284 pL of P22 or P22-xAEMA (0.0214 umoles
subunit, 3.5 mg/mL, 100 mM sodium carbonate buffer, 50 mM NacCl, pH 9.0), 216 pL of
diluted MnPP was added dropwise (100x MnPP/subunit of P22, ie. 42,000x
MnPP/capsid of P22) while vortexing the protein solution. The mixture was allowed to
react for 1 hr at room temperature followed by purification away from excess
MnPP/EDC/NHS with a Micro Bio-Spin column (Bio-Rad, Hercules, CA) twice,
resulting in 90 MnPP/capsid (67.7 % yield) and 184 MnPP/capsid (71.8 % yield),

respectively.

Manganese (III) Protoporphyrin IX Labeling
Conditions (MnPP) — with EDC/NHS

Various loadings of MnPP per P22-xAEMA (121 to 3,646 MnPP/capsid) were
achieved by using ranging molar excess from 1 to 100 MnPP/subunit P22. The following
describes preparation of 100 molar excess MnPP/subunit P22. To prepare P22-MnPP and

P22-xAEMA-MnPP with EDC/NHS, a 1:1:1 molar ratio of MnPP:EDC:NHS was made
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by adding 72 pL (30 mM in DMSO, 1.40 mg, 2.14 umoles) MnPP to a solution of 72 puL
EDC (30 mM in water, 0.25 mg, 2.14 umoles) and 72 uL NHS (30 mM in water, 0.41
mg, 2.14 umoles) and stirred for 15 min at room temperature to activate carboxyl groups
on MnPP. To 284 uL P22 or P22-xAEMA (0.0214 pmoles subunit, 3.5 mg/mL, 100mM
sodium carbonate buffer, 50 mM NaCl, pH 9.0), 216 pL of MnPP/EDC/NHS mixture
was added dropwise while vortexing the protein solution. The mixture was allowed to
react for 1 hr at room temperature followed by purification away from excess
MnPP/EDC/NHS by use of a spin column twice, resulting in 780 MnPP/capsid (82.0 %
yield) and 1,200 MnPP/capsid (92.3 % yield), respectively. It should be noted that
amount of labeling varies when experiment is repeated at same molar excess (i.e for
molar excess of 100 MnPP/subunit P22, labeling ranges from 1,200-3,646 MnPP/capsid).

All NMR data is based on the output, which is labeling amount of MnPP/capsid.

Sample Analysis

P22 and P22-xAEMA samples and those with MnPP were analyzed by a variety
of methods aimed at interrogating the purity, morphology, and composition of the
samples. P22, P22-xAEMA, and P22-xAEMA-MnPP were imaged by transmission
electron microscopy (Leo 912 AB, 100 kV) by negatively staining the sample with 1 %
uranyl acetate on Formvar carbon coated grids. These samples were also analyzed with
SDS-PAGE on 10-20 % gradient Tris-glycine gels (Lonza). Protein was detected by

staining with Coomassie blue.
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Protein and Manganese Concentration

Protein concentrations of P22 and P22-xAEMA samples were determined by
absorbance at 280 nm (extinction coefficient: 65490 M ' - c¢m ', subunit P22). The
protein concentration for P22-xAEMA-MnPP samples was determined by absorbance at
280 nm after the contribution from manganese porphyrin (extinction coefficient: 19.82
mM - cm ") was subtracted. The amount of MnPP conjugated with P22 VLPs was

determined using an extinction coefficient of 25 mM - cm ™ at 462 nm **°.

Relaxivity Measurements

T, and T, measurements were carried out on a broadband 19 MHz (0.447 T)
vertical NMR spectroscopy system, Anasazi FT-NMR 90 MHz (2.1 T) and Bruker DPX
300 MHz (7.0 T) spectrometers. Each P22-xAEMA-MnPP sample was diluted with 67 %
D,0 in H,O to yield a dilution series. The longitudinal relaxation rate constant (T;) was
measured at each dilution by use of an inversion recovery pulse sequence and the
transversal relaxation rate constant (T,) was measured by use of a Carr-Purcell-
Meiboom-Gill (CPMG) sequence at 298 K, where the relaxation delay was set to six
times the estimated T; or T,. For 19 MHz (0.447 T), recovery times of 30 s were used for
T, relaxation times. Figure D1 shows a plot of 1/T versus [Mn] (mM) for the 3 dilutions
which was used to determine relaxivity values (I ionic), Where ionic relaxivity (relaxivity
per Mn) is equal to the slope of the line, and particle relaxivity (relaxivity per P22) was
calculated by multiplying the slope by Mn/capsid. Similarly, a plot of 1/T, versus [Mn]

(mM) was used to determine and 1 jonic relaxivity values.
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Imidazole Titration Experiments
to Block Water Access to MnPP

In order to assess the influence of water accessibility on 1y jonic relaxivity of MnPP,
we titrated free MnPP with imidazole. Imidazole was dissolved in carbonate buffer (100
mM sodium carbonate, 50 mM NaCl, pH 9.0) to create a stock solution of 10 M, which
was added to 640 uM free MnPP in molar equivalents of 0, 10, 100, 500, or 1000 excess
to give a final manganese concentration of 390 uM. Samples were further characterized
via UV-VIS spectrometer with a 40x dilution. T; relaxivity of the samples was measured

as described above.

Addition of Acetone to Disrupt
Inter-Molecular Interactions of Free MnPP

In order to evaluate the potential effect of MnPP aggregation within P22 capsid
on 17 jonic relaxivity, we compared free MnPP in solution versus MnPP conjugated to P22-
xAEMA at the same concentration. The concentration of free MnPP was based on local
concentration of MnPP in the P22-xAEMA capsid, i.e. the volume of the spherical 64 nm
P22 and number of Mn encapsulated as the P22-xAEMA-MnPP construct. Free MnPP
was prepared in different concentrations, from 1.46 - 39.17 mM MnPP for P22-xAEMA-
MnPP at loadings ranging from 121-3646 MnPP/capsid (100 mM sodium carbonate, 50
mM NaCl, pH 9.0). In addition, in order to evaluate the effect of disrupting inter-particle
interactions between MnPPs, we treated free MnPPs with two different concentrations of
acetone, and measured 1y jonic relaxivity. At all concentrations of MnPP, deuterated
acetone was added to achieve a final matrix of 60 % D6-acetone, 33.33 % H20 and 6.67

% D20 or 20 % D6-acetone, 33.3 3% H20 and 46.67 % D20O. For 60 % D6-acetone, 252
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pL deuterated acetone (99.5 %-d) was added to 140 puL of MnPP and 28 pL of D20. For
20 % D6-acetone, 84 pL deuterated acetone (99.5 %-d) was added to 140 pL of MnPP
and 196 pL of D20. This was further diluted with corresponding matrix to yield a
dilution series of 1:3, 1:9, and 1:27. T, relaxivity was measured as described above in the

relaxivity measurements section.
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Abstract

Targeting peptides for integrins expressed on cell surfaces or for specific cellular
compartments have been extensively used to direct the location of protein cage platforms.
Targeting allows for the localization of an imaging agent or drug. In recent years, it has
become evident that understanding the biological activity of plaque formation provides
insight into disease progression. Novel multifunctional molecular imaging probes that
target macrophage-rich atherosclerotic plaque have potential for translation into clinically
usable agents. RGD-based peptides have been shown to bind to the murine and human
integrin avfB3, which is upregulated in activated macrophages and angiogenic endothelial
cells. Two different approaches have been explored for incorporating RGD peptides on
the surface of P22 virus-like particles (VLPs). The first approach is expression of the
peptide (GGGRGDGGG) onto a phage decoration protein (Dec), which has recently been
shown to have a high binding affinity to P22 coat protein. The second approach is to
insert RGD as an extension to the C-terminus of coat protein (CP) of P22 VLPs, which
we are able to modify without disrupting capsid assembly or stability. Here, we show
successful expression of the RGD peptide in our two proposed methods along with
biophysical characterization of the two constructs. The ability to deliver targeted agents
to the vessel wall will significantly enhance sensitivity of imaging, lower dosage of

imaging probe to reduce toxicity, and result in earlier diagnosis and treatment of disease.
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Introduction

Atherosclerosis, or "hardening of the arteries," occurs when cholesterol and scar
tissue build up, forming a substance called plaque inside the arteries that narrows and
clogs the arteries, causing decreased blood flow. Because atherosclerosis is a systemic
disease, people are likely to have blocked arteries in multiple areas of the body. These
people are at increased risk for heart disease, aortic aneurysm, peripheral arterial disease,
stroke, renal hypertension, and kidney failure. Atherosclerosis, the main contributor to

240; 241

cardiovascular disease, is the leading cause of death world-wide . In recent years, it

has become evident that understanding the biological activity of plaque formation

242; 243

provides insight into disease progression. Novel multifunctional molecular imaging

probes that target macrophage-rich atherosclerotic plaque, developed for in vivo mouse
model systems, have potential for translation into clinically usable agents.***>
RGD-based peptides have been shown to bind to the murine and human integrin

avB3, which is upregulated in activated macrophages and angiogenic endothelial cells.**”

20 Two different approaches have been explored for incorporating RGD peptides on the
surface of P22 virus-like particles (VLPs). The first approach is expression of the peptide
(GGGRGDGGAQG) onto a phage decoration protein (Dec), which has recently been shown
to have a high binding affinity to P22 coat protein.””' The second approach is to insert

RGD as an extension to the C-terminus of coat protein (CP) of P22 VLPs, which we are

able to modify without disrupting capsid assembly or stability (Figure 7.1).
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Figure 7.1: Two methods for incorporation of targeting peptide to exterior surface of P22.

A common feature in the assembly process of several virus particles is the
presence of proteins that “decorate” their coat protein shell.”” Decoration proteins are
small semi- or non-essential proteins that bind to the surface of mature virus coat protein
shells, often times to stabilize those shells. P22 bacteriophage does not have any intrinsic
decoration proteins, however, bacteriophage L, a close relative of P22 bacteriophage,**
has a gene which encodes for a decoration protein, termed Dec. Dec is a homotrimeric
decoration protein complex which is present on the surface of bacteriophage L in about
180 molecules/capsid. >

It has been shown that Dec binds similarly to mature P22 virions (also applicable
to P22 expanded and wiffleball capsid) in a highly symmetric fashion at the quasi three-
fold sites, generating several hundred new binding sites on the surface of P22

: 253; 254
bacteriophage. 2% %

To determine the location of both termini of Dec, the protein was
modified with a hexa-histidine tag at either N- or C-terminus and bound to P22

wiffleball, and further labeled with gold beads. Icosahedrally-averaged cryo-

reconstructions were computed from images of P22 bound to Dec along with difference
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map analysis. The image of the bound gold beads revealed location of N- and C- terminus
of Dec, showing that the c-terminus of Dec is an ideal location for insertion of a targeting
peptide. It was found that Dec trimers bind to 60 sites at the quasi-three-fold axis,

between the hexons, providing a total of 180 binding sites for cargo (Figure 7.2). !

o nanogold

r<clusters
/
95A | 39 A:|:

Figure 7.2: P22 wiffleball was labeled with Dec-N-his and Dec-C-his (His 6x-tag), bound
to gold beads (nanogold nanoclusters). The location of N- and C-terminus of Dec was
determined via icosahedral-averaged cryo-reconstructions along with difference map
analysis. P22 wiffleball with Dec trimers bound at the quasi-three-fold-axis (black box)
and not at the strict-three-fold-axis (red circle). Although, at high molar excess (30 M
Dec), it has been shown that about 20 Dec trimers bind to the strict-three-fold-axis at low
binding affinity. Black box: zoom in of Dec trimers showing N- (purple) at leg of Dec,
close to capsid surface and C- (yellow) terminus at head of Dec, exposed about 96 A
away from surface of capsid. Image adapted from Parent et. al (2012).*"

Existing cryo-electron microscopy-based models suggest that the C-terminus of
the bacteriophage P22 coat protein (CP) extends toward the capsid exterior. '® 7’
Biochemical analysis through genetic manipulations of the C-terminus supports the
model where the CP C-terminus is exposed on the exterior of the P22 capsid. Capsids
displaying a 6xHis tag appended to the CP C-terminus bind to a Ni affinity column, and
the addition of positively or negatively charged coiled coil peptides to the capsid results

in association of these capsids upon mixing. Additionally, a single cysteine appended to

the CP C-terminus results in the formation of intercapsid disulfide bonds and can serve as
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a site for chemical modifications.”> Thus, the C-terminus is a powerful location for
multivalent display of peptides.

An additional advantage of modifying P22 C-terminal for targeting peptide
expression is that we will have a way to add multiple targeting ligands to P22 VLPs in a
controlled manner, one via C-terminal expression and another via Dec binding. This
gives us room to play with different combinations of targeting ligands and their effects
in-vitro and in-vivo. The ability to deliver targeted agents to the vessel wall will enhance
our ability to image atherosclerotic plaque regions, and ultimately lower contrast agent

dosage administration reducing the risk of toxicity associated with gadolinium (i.e. NSF).

Results and Discussion

Characterization of Dec-RGD
and P22 (S39C) C-terminal RGD

Two mutants, Dec-RGD and P22 (S39C) C-terminal RGD were successfully
engineered for this study by introducing the RGD-2C peptide (CRGDCQG) to the C-
terminus of wt. Dec (Dec-RGD) and to the C-terminus of P22 (S39C). Both mutants as
well as wt. Dec were heterologously expressed in E. coli. Wt. Dec and Dec-RGD were
secreted extracellularly. Therefore they were purified from cell culture supernatant with a
Ni-NTA column (Appendix E, Figure E1). Typical yield of wt. Dec and its mutants were
about 20 mg from 300 mL of cell culture supernatant. Denaturing sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) assay of the purified proteins showed
stained bands consistent with expected molecular weight of Dec proteins without any

other visible impurity bands (Figure 7.3a). Similarly, bands for coat protein and truncated
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scaffold protein of P22 (S39C) C-terminal RGD were consistent with expected molecular
weights (Appendix E, Figure E2a). Additionally, the procpasid of P22 (S39C) C-terminal
RGD was heat treated to 65C and 75C to produce expanded shell and wiffleball
morphologies. A native agarose gel showed bands shifted for heat treated constructs,
indicative of successful transformation (Appendix E, Figure E2b).

Further characterization with mass spectrometry observed subunit mass of wt.
Dec and Dec-RGD to be 15565.7 Da and 16413.9 Da, which matched well with the
predicted mass of 15565.92 Da and 16415.83 Da, respectively (Figure 7.3b). It should be
noted that despite Dec-RGD possesses two cysteine residues in its RGD-2C peptide
sequence, it exhibited only minor peak of subunit dimmer even without adding TCEP,
suggesting that most of the protein forms inter subunit disulfide bond and the RGD-2C
peptide is cyclized. Mass spectrometry analysis of P22 (S39C) C-terminal RGD showed
an observed mass of 47486.2 Da, which matched closely with the predicted mass of

47486.6 Da (Appendix E, Figure E2c).
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Figure 7.3: Characterization of wt. Dec and Dec-RGD. (a) denaturing SDS-PAGE gel
shows bands at expected molecular weights for wt. Dec and Dec-RGD. (b) Subunit mass
spectrometry analysis of wt. Dec and Dec-RGD confirm correct mass of both constructs.

Binding of Engineered Dec
to P22 VLP and P22-xAEMA

P22 VLP associated with wt. Dec and Dec-RGD were run on SDS-PAGE after
removal of unbound Dec proteins. Co-existence of stained bands corresponding to P22
coat protein (46.6 kDa) and Dec-RGD in each sample indicates that the engineered Dec

proteins as well as wt. Dec are able to bind with expanded form of P22 VLP (Figure 7.4).
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In addition, it is confirmed that the Dec proteins bind with a polymer encapsulated P22
VLP, i.e. P22-xAEMA as well as empty P22 (Appendix E, Figure E3). According to the
DLS analysis of P22 VLPs with Dec proteins, all samples showed similar hydrodynamic
diameters with highly monodispersed size distribution (Appendix E, Figure E4). The

result indicates that the Dec-RGD do not induce significant aggregation of P22 VLP.

Mw (kDa)

+«— Dec-RGD
wt. Dec

Lane 1: Marker

Lane 2: P22 Ex

Lane 3: P22 Ex w/ wt. Dec
Lane 4: P22 Ex w/ Dec-RGD

Figure 7.4: SDS-PAGE of Dec-RGD and wt. Dec.

Cell Viability Assay

Cytotoxicity of P22-xAEMA-Gd and those associated with Dec proteins were
assessed in concentration of 30 uM and 100 uM Gd using a cell counting kit-8 (WST-8
assay). Viability of C32 cells incubated with P22-xAEMA-Gd or those with various Dec
proteins did not decrease with either Gd, whereas viability of the cells with free Gd

decreased significantly. This result demonstrates that P22 VLP and Dec proteins does not
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have significant toxicity (Appendix E, Figure ES5). In addition, Gd encapsulated in P22
VLP is tightly chelated as a form of Gd-DTPA, therefore P22-xAEMA-Gd does not

exhibit significant toxicity similar to FDA approved Magnevist does not.

Cell Targeting Capability of P22 VLP
with Engineered Dec and C-terminal of P22

Cell targeting abilities of P22 VLP with the engineered Dec proteins and c-
terminal of P22 were first evaluated with FACS. C32 melanoma cell were used to
investigate Dec-RGD and P22 (S39C) C-terminal RGD, because C32 cell overexpress
integrin ayfB3, a receptor for RGD-2C peptide. C32 cells incubated with Dec-RGD
possessing P22 exhibit a geometric (geo.) mean fluorescence intensity of 597 (Figure
7.5). This value is more than two times higher that geo. mean of cells incubated with P22
(256) and cells incubated with wt. Dec possessing P22 (261) and more than three times
higher than autofluorescence of the cells (geo. mean of 185). C32 cells incubated with
P22 (S39C) C-terminal RGD exhibit a geometric (geo.) mean fluorescence intensity of
238.5 (Appendix E, Figure E6). This value is more than three times higher that geo. mean
of cells incubated with P22 (66.9) and more than six times higher than autofluorescence

of the cells (geo. mean of 39.7).
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Figure 7.5: FACS analysis of Dec-RGD versus wt. Dec.

In Vitro MRI

In order to evaluate benefit of association of cell-targeting Dec protein on the P22
based MRI contrast agent we have developed, C32 cells were incubated with P22-
XxAEMA-Gd or Dec possessing P22-xAEMA-Gd and then subjected to MRI. C32 cells
incubated with P22-xAEMA-Gd or that associating with wt. Dec exhibited higher
contrast than cells incubated with Magnevist likely due to much higher r; relaxivity of
P22-xAEMA-Gd than Magnevist (Figure 7.6). More importantly, cells incubated P22-
xAEMA-Gd associating with Dec-RGD exhibited the highest signal-to-noise ratio among
the conditions (Figure 7.6). This result clearly demonstrates that decoration of P22-
xAEMA-Gd with cell targeting Dec protein could further improve cellular imaging

capability of the contrast agent due to cell specific delivery of the agent.
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Figure 7.6: A Tl-weighted image of P22 with Dec-RGD. Targeted construct shows
highest signal to noise (SNR) ratio, indicating enhanced contrast over non-targeted
counterparts.

Conclusion

In summary, we have shown the successful incorporation of RGD peptides on the
surface of P22 VLPs via two methods, either on the c-terminal of phage decoration
protein (Dec) or c-terminal of coat protein of P22. Biophysical characterization of the
constructs showed correct assembly of capsids. Furthermore, FACS showed both
constructs target C32 melanoma cells compared to their non-RGD counterparts, showing
compartivie binding to positive control integrin avp3, which is upregulated in activated
macrophages and angiogenic endothelial cells. The ability to deliver targeted agents to

the vessel wall could have applications in imaging atherosclerotic plaque regions, and
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ultimately lower contrast agent dosage administration reducing the risk of toxicity

associated with gadolinium (i.e. NSF).

Experimental

Materials

All chemical reagents used in this study were analytical grade and purchased from
either Sigma-Aldrich or Fisher Scientific and used as received unless otherwise noted.
All water was deionized using a NANOpure water purification system (Thermo

Scientific).

Purification of P22 Capsid

A cysteine residue was genetically introduced to serine 39 position of P22 coat

protein, which is expected to be located on the surface of the interior cavity of the P22

76; 77
d B

capsi . In this study, the cysteine residue was utilized as a reaction site to conjugate

a fluorescence molecule or an initiator molecule for polymer formation inside of the

225; 256

cavity as described later . The point mutation was made by an established

QuickChange method (Agilent Technologies, Santa Clara, CA) using pET-11a based
plasmids encoding genes for scaffolding and coat protein **>* **°. P22 S39C VLP was
produced by a heterologous expression system in E. coli and purified by a previously
described procedure #7223 256,

P22 procapsid was heat treated at 65°C for 20 min to transform the protein into its

82; 83
d °%

expanded (EX) form as previously describe . The heat-treated sample was purified

by pelleting via centrifugation at 45,000 rpm for 50 minutes in an ultra centrifuge
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(Sorvall, WX Ultracentrifuge), followed by resuspension into a (conc, salt) phosphate

buffer, pH 7.0.

Mutagenesis and Purification of Dec
Proteins and P22 (S39C) C-terminal RGD

The Dec gene was cloned into the pETDuet-1 vector (Novagen) as follows. The
Dec gene was amplified by polymerase chain reaction (PCR). The PCR product was then
cloned into the BamHI and Sacl restriction sites of the pETDuet-1 vector. The resulting
plasmid encoding wild-type Dec (wt. Dec) expresses N-terminally histidine-tagged Dec
protein. Subsequently, a Dec mutant was engineered from the plasmid encoding wt. Dec
protein- RGD-2C peptide (CRGDCG) was incorporated into C-terminus of the wt. Dec
(Dec-RGD). To incorporate the RGD-2C peptide sequence onto the C-terminus of the
Dec, a corresponding gene was amplified by PCR using a pair of primers. Four amino
acids residues (GSGG) were inserted between C-terminus of Dec and RGD-2C peptide as
a linker. The PCR product was cloned into the BamHI and Sacl restriction sites of the
pETDuet-1 vector. The P22 (S39C) C-terminal RGD was prepared similarly. The same
RGD-2C peptide sequence was incorporated onto the C-terminal on coat protein of P22
(S39C) using PCR. The PCR product was cloned at Ndel and Xhol restriction sites of the
pETDuet-1 vector.

Each plasmid was transformed into E. coli strain BL21 (DE3), and cells were
grown in LB medium at 37 °C with 100 mg/L ampicillin. Expression of Dec and P22 was
induced by IPTG (0.3 mM) when the culture reached optical density at 600 nm, around

0.6, and cells were cultured for an additional 12 h. After the incubation, cells were
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collected by centrifugation. P22 (S39C) C-terminal RGD was purified as previously
described for P22 (S39C).** Interestingly, we found that wt. Dec and Dec-RGD proteins
exist not only in the cell pellet but also in their supernatants suggesting these proteins
were excluded out from the cells. Therefore, we purified the proteins from supernatants
as follows. The supernatant was filtered with a 0.4 pm pore membrane to remove
particulates and dust, then purified by passing over a column filled with Ni-NTA
superflow resin (Qiagen) that was connected to a fast protein liquid chromatography
(Bio-Rad, Hercules, CA). The bounded proteins were eluted by a gradient of 0 to 500
mM imidazole with 500 mM NaCl, 20 mM sodium phosphate, pH 7.4. A typical
chromatography profile is shown in Appendix E, Figure E1. About 20 mg of Dec protein

or its mutants were obtained from 300 mL of cell culture supernatant.

Conjugation of Fluorescence
Molecule to P22 S39C

P22 VLP was labeled with fluorescein-5-maleimide (Anaspec, Fremont, CA) via
cysteine 39 for in vitro fluorescence-activated cell sorting (FACS). P22 VLP was treated
with 1 mM DTT for 4h to reduce all the reactive cysteine residues, followed by
purification by pelleting via centrifugation and resuspension into 100mM NaCl, 50mM
sodium phasphate, pH 7.0. The P22 protein (2 mg/mL) was mixed with 0.5 molar
equivalent per subunit of fluorescein at room temperature for 5 h. The protein was
purified away from unreacted dye by pelleting and resuspending in either NaCl 100 mM,

sodium phosphate 50 mM, pH7.0 or Dulbecco’s phosphate buffer saline (DPBS).
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P22-xAEMA Polymer Formation

Cross-linked AEMA polymer (XAEMA) was synthesized inside the P22 VLP
cavity by a procedure described in a previous report *2°. Briefly, first 2-bromoisobutyryl
aminoethyl maleimide (Nint), which serves as a radical initiator for ATRP, was
synthesized in dichloromethane by a modification of the procedures previously reported
*%and the molecule was introduced inside of P22 at the cysteine 39 position. Second,
cross-linked AEMA polymer (XxAEMA) was synthesized inside the P22 VLP cavity. P22-
Nint (100mM sodium phosphate, 50 mM sodium chloride, pH 7.6) was added to 2-
aminoethyl methacrylate (AEMA) / bis-acrylamide solution (100mM sodium phosphate,
50 mM sodium chloride pH 8.0) in a crimp-top vial. The vial was vacuum pumped and
back filled with Ar four times to deaerate the mixture. A metal catalyst solution which
was composed of CuBr, CuBr, and 2,2’-bipyridine at a molar ratio of 1:1:4 and was
added to the monomer-protein vial, which was maintained at 23 °C for the remaining
duration of the experiment. After 3 h the reaction was quenched by exposure to air and
the protein-polymer composite was purified away from unreacted monomer and the
copper catalyst by pelleting and resupending the protein 2 times into 100 mM sodium
carbonate, 50 mM NaCl buffer, pH 9.0. Yield of P22 after the polymerization reaction

was 52% from a starting amount P22 EX.

Conjugation of Gd-DTPA to P22-xAEMA

P22-xAEMA was labeled with Gd-DTPA according to established procedures and
applied for contrast agent of in vitro MRI of cells ****. Briefly, 55.74mg of p-SCN-Bn-

DTPA (Macrocyclics, Dallas, TX) was dissolved in 2.74mL H20 and 762uL sodium
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bicarbonate buffer (900mM, pH 9.0) as a concentration of 26 mM. 3.36 mL of p-SCN-
Bn-DTPA was mixed with 95.3 puL of GdCl; solution (900 mM in water) and stirred at
room temperature for 3 h. The solution was subsequently diluted to 20 mM of p-SCN-
Bn-DTPA with DMSO and then added to the P22-xAEMA (40 mg in 100 mM sodium
bicarbonate, 50 mM NaCl, pH 9.0). The mixture was allowed to react at 4 °C overnight
followed by purification away from unreacted p-SCN-Bn-DTPA-Gd by pelleting down

and resuspending the protein in DPBS.

Dec Binding to P22 VLP

P22 VLP, fluorescently labeled P22 or P22-xAEMA was mixed with wt. Dec or
Dec-RGD to decorate the exterior surface of P22 with Dec protein. Typically 4 mg of
P22 VLP (0.2 nmol as cage) was mixed with 160 excess of Dec (as trimer) / P22 cage
(i.e. 2 times excess Dec / Dec binding site of P22 VLP) in 50 mM sodium phosphate, 100
mM NaCl buffer, pH 7.0 and incubated at room temperature for 2 h with gentle rotation.
The P22 VLP decorated with Dec was purified away from unbound Dec by pelleting
down P22 VLP via centrifugation at 45,000 rpm for 50 minutes in an ultra centrifuge and
resuspending in DPBS, followed by spinning down with a table top centrifuge at 13,300

rpm to remove any aggregate.

Cell Culture Condition

Human amelanotic melanoma cell line, C32 (ATCC CRL-1585) was purchased
from the American Type Culture Collection. The C32 cells were cultured in Eagle’s

Minimum Essential Medium (EMEM, ATTC 30-2003) supplemented with 10 % fetal
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bovine serum (Atlanta Biologicals, Norcross, GA), 100 units/ml of penicillin and 100

pug/ml of streptomycin at 37°C in 5% CO, atmosphere.

General Analysis of Samples

The P22 VLP, Dec and all modified constructs were analyzed with UV-Vis
spectroscopy (UV-Vis; Model 8453, Agilent, Santa Clara, CA), dynamic light scattering
(DLS; 90Plus particle size analyzer, Brookhaven Instrument, Holtsville, NY), and
transmission electron microscopy (TEM: LEO 912AB). For TEM observation, samples
were transformed to formvar coated copper grids and were imaged with a 1 % uranyl
acetate stain. The samples were also analyzed using SDS-PAGE on 20% gradient Tris-
glycine gels.

Fluorescence Activated Cell
Sorting (FACS) Analysis

The cell targeting capability of P22 VLPs decorated with Dec derivatives and P22
(S39C) C-terminal RGD were assessed with FACS. C32 cells, which overexpress
integrins a,bs; were used to evaluate P22 (S39C) decorated with Dec-RGD and P22
(S39C) C-terminal RGD. In order to perform the analysis, cells were washed with PBS
(without Ca*" and Mg*") followed by detaching cells from the dishes using Accutase
(Sigma) before further experiments. The cells were harvested by centrifuge at 1000 rpm
for 5 min and then suspended in DPBS (with Ca*" and Mg2+) at a concentration of 5 x 10°
cells /mL. Subsequently the cells were incubated with fluorescein-conjugated P22 VLP or
those decorated with Dec proteins on ice for 30 min under normalized fluorescein

concentration (2 uM). After the incubation, the cells were washed 2 times with DPBS
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(with Ca”* and Mg*") and then resuspended in DPBS (with Ca*" and Mg®"). For the
assessment of integrins a,f; targeting, fluorescein-conjugated anti-integrin o,f3 mAb
(Millipore, MAB1976F) was used as a positive control. Flow cytometry was performed
on a FACSCanto, (BD Biosciences) and analyzed using FlowJo (Tree Star, Inc.).

In Vitro MRI of C32 Cells
Labeled with P22-xAEMA-Gd

MR imaging capability of P22-xAEMA-Gd decorated with Dec proteins was
investigated. For this assessment, C32 cells were seeded into 6 cm cell culture dish at the
concentration of 9 x 10° cells/dish. After 48 h of incubation, cell culture medium was
exchanged to 3 mL of fresh medium and various P22-xAEMA-Gd samples (with or
without Dec proteins) were added to each dish under normalized Gd concentration of 100
uM. The cells were further incubated at 37°C in 5% CO, atmosphere for 24 h. After
incubation, the solution was aspirated and the cells gently washed with DPBS followed
by harvesting cells using Accutase. The cells were suspended in DPBS and number of
viable cells was determined by trypan blue exclusion assay and counting using a
hemocytometer. Subsequently, 1 x 10° cells incubated with each sample were transferred

in a PCR tubes and pelleted down by centrifuge at 1000 rpm for 5 min.

Cell Viability Assessment

Cytotoxicity of P22-xAEMA-Gd and those decorated with Dec proteins were
evaluated by cell viability assay using a cell counting kit-8 (Dojindo, Rockville, MD).
For this assessment, 6 x 10° cells /well of C32 cell were seeded in 96-well plate and

cultured as described in the previous section. After 48 h, the cell culture medium was
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removed from each well and then 100 pL of fresh cell culture medium supplemented
with various P22-xAEMA-Gd samples under normalized Gd concentration (30 or 100
uM). After 24 h of incubation, the culture medium was exchanged to 100 pL of fresh
medium and 10 pL of cell counting kit-8 solution was added to each well. After 3 h of
incubation at 37°C in 5% CO, atmosphere, absorbance at 450 nm of the solution in each

well was measured with a microplate reader.
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CHAPTER 8

CONCLUSION

The bacteriophage P22 is a remarkable protein container. The assembly process
is well defined, leading to precise T=7 capsids that are easily modified genetically or
chemically. The capsids are malleable and three additional morphologies are accessible
for nanomaterial design. The research described in this thesis has been inspired by the
unique properties of nanoparticles which make them desirable for biomedical
applications, specifically in the design of T;-enhanced MRI contrast agents from virus-
like particles. In this and other work, protein cages have been used to make a variety of
protein-based composite materials. Often these synthetic materials are made with a
biomimetic approach using mild reaction conditions in an aqueous environment. As this
field has expanded the potential applications of these materials has become more diverse
to include materials aimed toward energy, electronics, and medical applications. While
much of the field is application driven, these studies also serve to improve our
understanding of the native protein behavior and processes.

In Chapter 3, we have shown that VLPs derived from the bacteriophage Qf can
serve as a platform for controlled radical polymerization to produce polymer-coated
protein nanoparticles. The size and surface properties of Qf can be significantly altered
through ATRP, while still retaining the low polydispersities associated with VLPs.
Furthermore, the polymer-coated particles are accessible to bioconjugation at both the

chain termini and suitably derivatized polymer sidechains. The platform allows for both
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conjugation of small-molecule imaging agents and chemotherapeutics. The the exterior
surface of QP has been modified via two different bioconjugation techniques, Cu (I)
catalyzed “click” chemistry (AACC) and atom transfer radical polymerization (ATRP).
The ATRP polymer was subsequently functionalized with a small molecule contrast
agent, Gd-DOTA. This construct had high loading capacity, and consequently had high
ionic and particle relaxivities.

In Chapter 4, AACC approach of step-wise polymerization was extended to a
larger virus-like particle, P22, up to generation 4.5. Instead of modifying the exterior
surface, as was done with Qp, the polymer was constrained to the interior surface of the
capsid, such that the exterior surface was available for attachment of targeting ligands.
We have synthesized a branched oligomer conjugated to multiple DTPA-Gd complexes
inside of P22 ‘wiffleball’ viral capsids. This resulted in one of the highest reported
particle relaxivities for viral-capsid based systems and a significant improvement in ionic
relaxivity over free DTPA-Gd. The rotational correlation time has been optimized for this
system, while conjugation of different chelator-Gd complexes has been suggested for
improvement of the mean residence lifetime. By using a larger particle, the loading
capacity was increased leading to higher ionic and particle relaxivities than with Q.

The use of ATRP made possible the internally confined grafted-from polymer
described in Chapter 5. This primary amine rich polymer begins to take advantage of the
previously largely untapped interior volume of the P22, where internal occupancy
otherwise relied on genetic modification of the scaffold protein. The use of AEMA to

form the polymer results in a scaffold, which can be subsequently labeled with molecules
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of interest such as fluorophores or MRI contrast agents in such a manner that the same
approach could be applied to other protein-based systems. The labeled P22-polymer
composite in chapter 5 had an order-of-magnitude improvement in relaxivity on a particle
basis over other VLP based contrast agents and was competitive with other
macromolecular MRI contrast agent vehicles, but was more monodisperse. Due to the
promising medical applications of this material work to make further improvements in
the MRI contrast agent carrier through targeting the construct to specific tissues is
ongoing.

In Chapter 6, manganese porphyrins were conjugated to P22-ATRP in high
payload. Manganese was explored as a Ti-enhanced contrast agent as an alternative to
gadolinium based contrast agents, due to associated toxicity with gadolinium. We
covalently encapsulated a large number of MnPP inside P22 VLP-polymer hybrids and
demonstrated potential for this construct as a tunable MRI contrast agent. Although we
did not see an improvement in ryonic relaxivity, the high per-particle relaxivity of the
P22-xAEMA-MnPP, resulting from high loading density, could be beneficial when these
particles are imparted with targeting cell capabilities.

Chapter 7 detailed the display of targeting peptides on P22 capsids and the
successful application of the C-terminal location of Dec and P22 for targeting of avB3
integrins. Predicting the responses generated based upon the protein cage structure and
structural modifications continues to be an intriguing challenge, and studies here have
revealed that the local environment at the site of administration plays a role in the

response. This information can continue to be exploited in combination with genetic
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engineering to display antigens on the P22 capsids in a way that closely mirrors the
presentation of antigenic epitopes on pathogens.

In conclusion, bacteriophage P22 virus-like particles, among others, have been
used as a platform for developing MRI contrast agents. High loading, targeting ability,
and slow molecular tumbling all lead to an enhanced imaging agent. These next
generation contrast agents can ultimately lower dosage and reduce risk of toxicity

associated with Gd-based contrast agents.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 3
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Supporting Information

Reagents.

Methanesulfonyl chloride (99.5%), sodium azide (99%), triphenylphosphine
(99%), propargyl bromide (80 wt% in toluene), 2-bromo-2-methylpropionyl bromide
(98%), and tetraethylene glycol (99.5%) were purchased from Acros Organics.
Triethylamine (99+%) was purchased from Alfa-Aesar. Sodium hydride (95%) was
purchased from Sigma-Aldrich. Di-tert-butyl dicarbonate was purchased from Oakwood
Products, and trifluoroacetic acid was purchased from Halocarbon. Octa(ethylene glycol)
methacrylate (6, Mn = 526) was purchased from Sigma-Aldrich. Tetrahydrofuran (THF)
was dried over sodium benzophenone ketyl.

Dichloromethane (CH2CI2) was dried over molecular sieves.

Instrumentation.

'H and ">C NMR spectra were recorded on either a Bruker AV-400 or a Varian
AM200 spectrometer in CDCI3. Routine mass spectra were obtained using an Agilent
1100 (G1946D) ESI MSD with mobile phase composed of 9:1 CD3CN:H20 containing
0.1% CF3CO2H. Attenuated total reflectance (ATR) —FTIR spectra were obtained using
a Nicolet 6700 spectrometer using a ZnSe crystal. Size exclusion chromatography was
performed on an AKTA explorer (GE Life Sciences) equipped with a superose 6 column
(0.4 mL/min, 0.1 M KPO4 elution buffer). Dynamic light scattering (DLS) measurements
were taken on a Dynapro plate reader (Wyatt Technology) fitted with a glass-bottomed

optical 384-well plate (Greiner). Values represent the average of 10 independent
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measurements where 10 individual acquisitions were taken per measurement.
Fluorescence measurements of Doxorubicin-loaded particles were collected in triplicate
in black 96-well plates using a Thermo VarioSkan plate reader (excitation: 480 nm,

emission: 598 nm).
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Figure Al: Synthesis of alkyne-functionalized ATRP initiator 4.

Syntheses.

Synthesis of a-hydroxyl, w-amino(Boc) Tetraethylene Glycol (B) — Tetraethylene

glycol (A) (50.0 g, 257.4 mmol) was dissolved in anhydrous THF (250 mL) under a
nitrogen atmosphere and cooled to 0oC using an ice-water bath. Methanesulfonyl
chloride (5.00 mL, 64.4 mmol) was added by syringe in one portion, and triethylamine
(9.0 mL, 64.4 mmol) was subsequently added by syringe over approx. 20 minutes. After
triethylamine addition was complete, the ice bath was removed and the reaction was
allowed to stir at room temperature overnight under a nitrogen atmosphere.

The reaction mixture was concentrated and dissolved in ethanol (250 mL).

Sodium azide (20.9 g, 322.0 mmol) was added as a solid, and the reaction was heated to



154

reflux for 6 hr. After cooling to room temperature, the contents were concentrated and
dissolved in deionized water. The product was extracted with CH2CI2 (6x), and the
combined organic fractions were dried over magnesium sulfate, filtered, and concentrated
to a light yellow oil.

The oil was subsequently dissolved in THF (200 mL), and triphenylphosphine
(18.6 g, 70.8 mmol) was added as a solid. Once a homogeneous solution had been
obtained, deionized water (20 mL) was added, and the contents were stirred at room
temperature, open to air, for 2 hours. Di-fert-butyl dicarbonate (17.6 g, 80.5 mmol) was
added as a solid in one portion, and the reaction mixture was stirred overnight at room
temperature, open to air. The mixture was concentrated, dissolved in diethyl ether (100
mL) and placed in the freezer (-20°C) overnight. Crystalline triphenylphosphine oxide
was removed by filtration, the filtrate was concentrated, and the product was purified by
column chromatography (silica) eluting with 98/2 — 95/5 CH2CI2/MeOH to yield 4.3 g
(23% overall yield) of a light yellow, viscous liquid. "H NMR (CDCI3) & 5.64 (br s, 1H),
3.57 - 3.75 (br, complex m, 12H), 3.52 (t, 2H), 3.29 (m, 2H), 1.42 (s, 9H) ppm; 13C
NMR (CDCI3) 6 156.4, 79.2, 72.8, 70.8, 70.6, 70.4, 70.2, 61.8, 40.5, 28.6 ppm. ATR-
FTIR 3358, 2870, 1693, 1518, 1454, 1391, 1365, 1276, 1249, 1170, 1099, 937, 864, 781

-1
cm .

Synthesis of a-propargyl, ®-amino(Boc) Tetraethylene Glycol (C) — a-hydroxyl,

w-amino(Boc) tetraethylene glycol (B) (4.1 g, 14.0 mmol) was dissolved in anhydrous
THF (100 mL) under a nitrogen atmosphere. Sodium hydride (0.38 g, 16.0 mmol) was

added in one portion as a solid, and the reaction was stirred for 20 min at room
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temperature at which time a nearly homogenous solution was obtained. The reaction was
cooled to 0 °C using an ice-water bath, and propargyl bromide (1.5 mL, 21.0 mmol) was
added by syringe over approx. 10 min. After 1 hr, the ice bath was removed, and the
contents were allowed to stir overnight at room temperature under nitrogen. The reaction
mixture was concentrated, suspended in CH2CI2, and washed once with brine and then
once with deionized water. The organic fraction was dried over magnesium sulfate,
filtered, and concentrated. The product was purified by column chromatography (silica)
eluting with 50/50 — 60/40 ethyl acetate/hexane to yield 3.3 g (71% yield) of a light
yellow, viscous liquid. IH NMR (CDCI3) 6 5.05 (br s, 1H), 4.18 (d, 2H) 3.57 - 3.75 (br,
complex m, 12H), 3.52 (t, 2H), 3.29 (m, 2H), 2.41 (t, 1H), 1.42 (s, 9H) ppm; 13C NMR
(CDCI3) 6 156.2,79.8, 79.3, 74.7, 72.8, 70.8, 70.7, 70.7, 70.6, 70.4, 69.2, 58.5, 40.5, 28.6
ppm. ATR-FTIR 3249, 2869, 1707, 1511, 1455, 1391, 1365, 1248, 1170, 1095, 1035,

863, 781 cm™.

Synthesis of o-propargyl. w-isobutyryl Bromide Tetraethylene Glycol (4) — a-

propargyl, w-amino(Boc) tetraethylene glycol (C) (1.5 g, 4.5 mmol) was dissolved in
CH2CI2 (10 mL), and trifluoroacetic acid (TFA, 10 mL) was added. The mixture was
stirred at room temperature, open to air, for 1.5 hrs. The reaction contents were
concentrated and dissolved in deionized water. The pH was adjusted to 14 by addition of
2.0 M NaOH (aq), and the product was extracted 4X with CH2CI2. The combined
organic fractions were dried over magnesium sulfate, filtered, and concentrated to yield

1.0 g (96% yield) of a light yellow oil.
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The deprotected a-propargyl, m-amino tetracthylene glycol (1.0 g, 4.3 mmol) was
immediately dissolved in anhydrous THF (25 mL) and cooled to 0 oC using an ice-water
bath. Triethylamine (0.72 mL, 5.2 mmol) was added by syringe, followed by 2-bromo-2-
methylpropionyl bromide (0.64 mL, 5.2 mL). After approx. 30 min, the ice bath was
removed and the reaction was allowed to stir at room temperature overnight under a
nitrogen atmosphere. The mixture was concentrated, dissolved in CH2CI2, washed once
with IM HCI (aq) and then once with brine. The organic fraction was dried over
magnesium sulfate, filtered, and concentrated. The product was purified by column
chromatography (silica) eluting with a 50/50 — 60/40 ethyl acetate/hexane to yield 1.3 g
(80% yield) of 4 as a light yellow, viscous liquid. IH NMR (CDCI3) & 7.12 (br s, 1H),
4.18 (d, 2H) 3.60 - 3.75 (br, complex m, 12H), 3.57 (t, 2H), 3.45 (m, 2H), 2.42 (t, 1H),
1.93 (s, 6H) ppm; 13C NMR (CDCI3) ¢ 172.1, 79.7, 74.7, 72.8, 70.7, 70.7, 70.6, 70.5,
70.5, 69.5, 69.2, 62.7, 58.5, 40.2, 32.6 ppm. ATR-FTIR 3246, 2867, 1661, 1520, 1460,

1349, 1288, 1190, 1096, 1033, 920, 866, 842, cm™.
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Figure A2: Synthesis of azidofunctionalized octa(ethylene glycol) methacrylate
(OEGMA-N3).

The oligomeric ethylene(glycol) methacrylate 6 was purchased and purified by

column chromatography (silica) eluting with 70/20/10 CH2Cl2/acetone/MeOH before
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use. The resulting material was found to be largely the octaethylene glycol structure
shown. This compound (4.8 g, 11.0 mmol) was dissolved in anhydrous THF (75 mL)
under a nitrogen atmosphere and cooled to 0 °C using an ice-water bath. Methanesulfonyl
chloride (1.1 mL, 13.7 mmol) was added by syringe in one portion, followed by
triethylamine (2.0 mL, 14.0 mmol). After approx. 30 min, the ice bath was removed, and
the reaction was allowed to stir at room temperature overnight under a nitrogen
atmosphere.

The contents were concentrated and dissolved in ethanol (100 mL). Sodium azide
(3.6 g, 55.0 mmol) was added, and the suspension was heated to reflux for 6 hrs. After
cooling, the mixture was concentrated and dissolved in deionized water. The product was
extracted 6X with CH2CI2, and the combined organic fractions were dried over
magnesium sulfate, filtered, and concentrated to a light, yellow oil. The product was
purified by column chromatography (silica) eluting with a  70/28/2
CH2CI2/acetone/MeOH to yield 7 (1.2 g, 25% yield) as a light yellow, viscous liquid. 'H
NMR (CDCI3) 6 6.09 (m, 1H), 5.54 (m, 1H), 4.26 (t, 2H), 3.50 - 3.75 (br, complex m,
104H), 3.35 (t, 2H), 1.91 (m, 3H) ppm. 13C NMR (CDCI3) é 125.9, 70.8, 70.8, 70.7,
70.6, 70.1, 69.2, 64.0, 50.8, 18.4 ppm. ATR-FTIR 2866, 2099, 1717, 1453, 1349, 1296,
1097, 1038, 944, 850, 732 cm™.

Synthetic Manipulations
of Virus-Like Particles

Synthesis of QB Macroinitiator (5) N-hydroxysuccinimide ester 2 (37 mg, 120

umol) was dissolved in 2 mL of DMSO and slowly added to 6.5 mL of 0.1M KPO4 pre-
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chilled in an ice bath. WT-Qp (1, 21 mg, 8 nmol particle, 1.5 umol subunits, 6.0 pmol
reactive amine groups) in 2 mL 0.1M KPO4 was added to this solution to initiate reaction.
The reaction proceeded for 6 hours on a rotisserie shaker at room temperature. The
resulting QP-N3 particles (3) were purified by sucrose density gradient centrifugation
(10-40% gradient, SW28 rotor, 28K, 4 hours). The band corresponding to intact particles
was pulled from the gradient (~5 mL per tube) and the product pelleted for a minimum of
2 hours to recover the protein (70K rpm, 70.1 Ti rotor). Protein pellets were resuspended
in phosphate buffered saline (pH 7.4, 10 mM KPO4, 150 mM NaCl). Protein
concentrations were then assessed using a Coomassie plus protein quantification kit
(Thermo) and BSA standards.

QPB-N3 particles (3) (10 mg, 4 nmol particle, 0.9 pumol theoretical reactive azides)
were diluted to a final concentration of ~2 mg/mL with 0.1M KPO4 (pH 7.4). A solution
of ATRP initiator 4 in deionized (MilliQ purified) H,O was added to the particle solution
(10 mg/mL, 550 pL, 15 pmol). The following solutions were added to the reaction
mixture in order: a pre-mixed solution of CuSO4 (10 pL, 50 mM) and THPTA (50 pL, 50
mM), amino guanidine (100 puL, 100 mM), and sodium ascorbate (100 pL, 100 mM). The
reaction was allowed to proceed for 2 hours at room temperature, and the product was
purified as described for the acylation step. Figure B3 shows the dynamic light scattering

analyses of the starting, intermediate, and final products of this sequence.
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Figure A3: (A) Dynamic light scattering histograms of particles 1, 3, and 5. (B) MALDI-
MS of denatured wild-type (1, top) and macroinitiator (5, bottom) particles. In this
preparation, the central mass of the peaks correspond to a loading of 150 initiator sites
per particle; other preparations ranged from this value to 210 per particle.

Polymerization from QB Macroinitiator Particles (5) A typical polymerization

reaction was performed as follows. Qf macroinitiator 3 (4.5 mg, 0.4 umol initiator sites)
was diluted with MilliQ water to a final concentration of 1mg/mL in protein. Monomer 6
or 7 (325 umol) was then added to the protein solution. Additionally, a stock solution of
CuBr; (6 mg, 27 umol) and 2,2’-bipyridine (16.7 mg, 107 umol) was made in H,O (10
mL). Both solutions were thoroughly degassed, either by N2 bubbling (minimum 45 min)
or freeze pump thaw cycles (minimum 3 cycles). Solid CuBr (3.8 mg, 27 umol) was
added to the copper stock solution under nitrogen atmoshphere and sonicated to promote
dissolution. The resultant copper stock solution (1 mL) was added to the protein-
monomer mixture to initiate polymerization. Polymerizations were allowed to proceed at

room temperature under N2 atmosphere for 16 hours. Reactions were subsequently
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quenched by exposure to air and addition of 0.5M EDTA (50 pL). Purification was

carried out via sucrose density gradient centrifugation (10-40%) and ultrapelleting.

End Labeling of QB-OEGMA Particles (8) with AlexaFluor488 Q-

poly(OEGMA) (8) (1 mg, 88 nmol theoretical polymer chains) was diluted to a working
concentration of 2 mg/mL with 0.1M KPO4 (500 pL total volume). Sodium azide (2 mg,
31 pmol) in 50 pL. DMSO was added. The reaction proceeded for 24 hours on a rotisserie
at room temperature. The resulting QB-poly(OEGMA)-N3 particles were purified by
ultrapelleting at 70K rpm. The recovered protein (0.75 mg) was resuspended in 500 pL of
0.IM KPO4 buffer, to which was added the following components in order:
AlexaFluor488-alkyne (20 uL, I mM), a pre-mixed solution of CuSO4 (2.5 uL, 50 mM)
and THPTA (12.5 pL, 50 mM), amino guanidine (25 pL, 100 mM), and sodium ascorbate
(25 puL, 100 mM). The reaction was allowed to proceed for 1.5 hours at room temperature
and the product was purified by sucrose gradient centrifugation (10-40%) and
ultrapelleting. Dye loading was calculated by comparing the molar concentration of dye
to that of protein as determined by UV absorbance spectroscopy and Bradford assays,

respectively.

Gd(DOTA) Conjugation to QB-PEG-N3 Particles (9) QB-polyOEGMA-N3

particles (9) (2 mg protein, 0.8 nmol VLP, 500 pL. PBS) were mixed with Gd-
DOTAAIlkyne (12) (5 mg, 8 umol) dissolved in 400 pL. H20. The following solutions
were added to the reaction mixture in order: a pre-mixed solution of CuSO4 (5 uL, 50

mM) and THPTA (25 pL, 50 mM), amino guanidine (50 pL, 100 mM), and sodium
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ascorbate (50 pL, 100 mM). Reactions proceeded on the bench top for ~24 hours with
additional aliquots of sodium ascorbate added at 2 hours and 4 hours to promote
reduction of the Cu species to Cu(l). Following the reaction, particles were purified by
sucrose density gradient centrifugation (10-40%) followed by ultrapelleting. Gd loading
per particle was assessed by comparing protein concentration determined by Coomassie

plus assay to ICP values obtained for Gd concentrations.

Doxorubicin Conjugation to QB-PEG-N3 Particles Doxorubicin-alkyne (13) (2

mg, 2.6 umol) was added to 250 pL PBS buffer, leaving a significant portion of the
material insoluble. This was removed by centrifugation and the saturated solution was
added to a solution of QB-poly(OEGMA-N3) particles 9 (3 mg protein, 1.2 nmol VLP) in
600 puL PBS. The following solutions were added to the reaction mixture in order: a pre-
mixed solution of CuSO4 (10 pL, 50 mM) and THPTA (50 pL, 50 mM), amino
guanidine (100 pL, 100 mM), and sodium ascorbate (100 pL, 100 mM). Reactions
proceeded on the bench top for ~18 hours. Following the reaction, particles were purified
by sucrose density gradient centrifugation (10-40%) followed by ultrapelleting.
Doxorubicin loading per particle was assessed by comparing protein concentration
determined by Coomassie plus assay to doxorubicin concentrations assessed by UV

spectroscopy.

Cell Viability Studies

HelLa cells were grown in advanced Dulbecco’s Modified Eagle Medium

(DMEM) supplemented with 5% NCS, and were maintained at 37 °C with 5% CO2 and
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95% air. Cells were plated in 96-well plates (7.5 x 103 cells/well) 24 hours prior to
treatment with doxorubicin conjugates. Cells were then incubated with the indicated
doxorubicin preparation at varying concentrations for 8 hours. Following incubation, the
media was removed, wells were washed once with DMEM, and fresh media was added to
the plate (100 puL/well). After 24 hours, MTT (5 mg/mL, 50 uL/well) was added to each
individual well and incubated at 37 °C for 3 hours. Media was carefully aspirated and
DMSO was added (200 uL/well) to dissolve the purple MTTformazan crystals.
Absorbance of the dissolved formazan was quantified at 570 nm using a UV-Vis plate
reader and cell viability was determined as a fraction of absorbance relative to untreated
control wells. Data are presented as average values +/- standard deviation. Figure B4
shows the results from the same treatment with the precursor particles not bearing

doxorubicin, showing no toxicity throughout the relevant concentration range.
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Figure A4: Cytotoxicity of QB-PEG-N3 particle (9).
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Relaxivity Measurements

T, measurements were carried out on Anasazi FT-NMR 60 MHz (1.41 T) and 90
MHz (2.11 T) spectrometers for all samples. Samples 15 (0.24 mM Gd) and 17 (0.14 mM
Gd) were diluted twice with phosphate buffer to yield two additional data points in the
plot of inverse T; vs. Gd concentration. The longitudinal relaxation rate constant (T;) for
each sample was measured using an inversion recovery pulse sequence at 298 K, where
the relaxation delay was set to six times the T;. All measurements were taken in
triplicates. The following equation for T; relaxation was fit to the experimental data
where A, B and T1 were used as fitting parameters.

f(t) = A*(1-exp(-t/T))+B

The plot of inverse T; versus Gd (mM) was used to determine relaxivity values
(r1), where relaxivity per Gd is equal to the slope of the line and relaxivity per VLP was
calculated by multiplying the slope by Gd/VLP. An example of a typical plot and

determination of relaxivity values is shown in Figure BS5.
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Figure AS: T, measurements collected on 60 MHz NMR for sample 15 (610 Gd/VLP).
Shown is a plot of 1/T; for 100%, 50%, and 25% of original concentration of gadolinium
(mM) in sample 15.
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Figure B1: SDS-PAGE gel shows evidence of mass increase after modification. A)
SigmaMarker Wide Ladder (MW 6,500-200,000 Da). B) P22 WB migrates at ~46.6kDa.
C) P22-AACC-Gd migrates at ~49kDa). Higher molecular weight species are suggestive
of inter-subunit cross-linking within the P22 capsid.
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Figure B2: Contour plots of relaxivity for P22-AACC-Gd at variable field strengths and
log tv values. The “intersection point” of the horizontal and vertical white lines
represents a field strength of 3T and v = 533ns (the established value for P22-AACC-
Gd). The system was evaluated at three different g values. al-2) r; (al) and r,/r; (a2)
contour plots for T = 16ns (the established value for P22-AACC-Gd). bl1-2) r; (bl) and
ri/r; (b2) contour plots for 1 = Ins. ¢1-2) r; (al) and ri/r, (a2) contour plots for g =
0.1ns. The 2D plots reveal optimal performance of this system for the given “intersection
point” occurs when tg = Ins, with r; = 13.0mM'lsec'1, r1/r, = 0.78.
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Eqn. Bl (Relaxivity Equations):*®
Analytical equation containing the decay constant, T}, for the recovery of the net

nuclear spin magnetization for a sample placed in a magnetic field which has be tilted out

of equilibrium:
-t
Mz(t) =M, Equilibrium (1 - eT1)
o M,(t) nuclear spin magnetization in the z axis at time t in units of
seconds
* M, gquitibrium equilibrium state of the nuclear spin magnetization in the z
axis
(maximum magnetization)
o T, decay constant for the recovery of spin in units of seconds

Observed T of a specific sample type with a contrast agent present:

1
T; observea = D + (r)[Contrast Agent]
ample

.. . . 1 1
e 1 relaxivity of a contrast agent in units of mM™ seconds

e [Contrast Agent] concentration of the contrast agent in units of mM

Solomon-Bloembergen-Morgan (SBM) model for PRE:
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Relaxivity of contrast agent including the dipolar, scalar and Currie relaxation

mechanisms:
_ g [Contrast Agent] [ ]
= [Water] Tim + Ty
| 1
q - [Contrast Agent] I 1 i
T =
! [Water] 1
[ dlpolar Tscalar + Tcurrle + TMJ
1M

[Water] = 55.6Molar concentration of water in units of (moles / liter), (fixed

value)

q number of inner sphere waters that bind to the Gd ion,
(fitting parameter)

TAlpotar dipolar contribution to the relaxation time

TScatar scalar contribution to the relaxation time

Turrie Currie contribution to the relaxation time

M residence time for the Gd bound water molecule, (fitting

parameter)

Relaxivity of contrast agent considering only the dipolar relaxation mechanism (the
dipolar mechanism was only considered in the fitting of the NMRD profiles in this work):

1

dipolar
T,y +

q - [Contrast Agent]
[Water]

rn =

Tm
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SBM analytical description of the dipolar relaxation time:

dipolar __ 2 Cdd
M 1515

[3] ((Up Td1) + 7](0)5; sz)]
Prefactor for relaxation:

Ho\?
Caa = Y{V5R*S(S+ 1) (E)
y; = 2.675- 108 nuclear gyromagnetic ratio (second™ Tesla™)
¥s = —1.760859778 - 10! electromagnetic gyromagnetic ratio (second™” Tesla™)

h = 1.054571628 - 1073*  Plank’s constant (Joules - second)

§=17/2 spin quantum number for the Gd ion

Uo = 4m-1077 magnetic permeability of free space (Newton -
Amps~)

ro, =3-10710 distance between the nuclear and the electronic spin

(meters),(fixed value)

Spectral density function:

J,17) =—7F7—=

' 1+ w?7?
W Larmor frequency of nuclear or electric spin
T correlation time where 1 is either 74, or T4,

Correlation times in units of seconds:
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TR rotational correlation time for the Gd ion, (fitting
parameter)

Tie longitudinal electronic relaxation rate

Ty, transverse electronic relaxation rate

Electronic relaxation time (longitudinal and transverse) in units of seconds:

-1
Ty 47,
—(4S(S+1) -3 +
I (s ) )< 1+ w?t? 1+4w§r§>l

and

-1
51, 21,
—(4SS+1)—3)( 31, + +
[ (45 ) )<TV 1+ w?t? 1+4w§r§>l

7, =14-10"1 correlation time for instantaneous distortions of the
metal complex
polyhedron in units of seconds, (fixed value in the SBM fit)

A*=9-1018 mean square fluctuation of the zero-field splitting in units
of seconds™, (fixed value in the SBM fit)
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Supplemental Information

Mutagenesis.

The P22(S39C) point mutation was made using established polymerase chain
reaction protocols (Qiagen) using pET-1la based plasmids encoding genes for
scaffolding and coat protein. The amplified DNA was transformed into E. coli strain

BL21 (DE) and selected for ampicillin resistance. '™’

Protein Purification.

Transformed BL21 (DE3) E. coli were grown in 1L cultures inoculated with 1 mL
starter culture at 37°C with vigorous shaking overnight. The bacteria were then
centrifuged away from the media at 3700 g for 20 minutes. The cell pellets were
resuspended in PBS pH 7.2 and were incubated with DNAse, RNAse, and lysozyme (all
Sigma-Aldrich) for 30 minutes on ice. Cells were lysed further by sonication on ice. The
cell debris was removed via centrifugation at 12,000 g for 45 minutes. The supernatant
was then loaded on a 35% sucrose cushion and centrifuged at 48,000 rpm for 50 minutes
in an ultra centrifuge (Sorvall). The resulting virus pellet was resuspended in PBS pH 7.0,
spun at 17,000 rpm for 20 minutes to remove particulates and lipid providing 135 mg of
P22 procapsid (PC). Scaffold protein was extracted using 0.5 M guanidine-HCI in 4
repeated cycles. The P22 empty shells were then dialyzed against PBS pH 7.0 overnight
resulting in 86 mg (64% yield) P22 empty shell (ES). The empty shell P22 was heat
treated for 20 min at 65°C to transform the protein into its expanded form as previously

described and analyzed.'®” The heat treated samples were purified by pelleting as above,
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followed by resuspension into PBS pH 7.6 in preparation for protein labeling yielding 58

mg (68% yield form ES) of P22 expanded shell (EX) from 1L of initial E. coli culture.

Subunit Mass Spectrometry.

Subunit masses of the P22 coat and P22-int macroinitiators were analyzed by ESI-
Q-TOF mass spectrometry (Q-TOF Premier, Waters) interfaced to a Waters Acquity
UPLC and autosampler.””” Samples were loaded onto a BioBasic-300 SEC column (5
pm, 250 L x 1.0 mm L.D., Thermo Scientific) and eluted with buffer containing 40%
isoproanol, 59.9% water, and 0.1% formic acid isocratically with a rate of 25 pL/min.
Mass spectra were acquired in the range of m/z 50-5000 and processed using the MaxEnt
1 algorithm for MassLynx version 4.1 to obtain deconvoluted average masses from

multiple charge state distributions.

Transmission Electron Microscopy.

The P22-int macroinitiators and P22-polymer composites were imaged by
transmission electron microscopy (Leo 912 AB) by negatively staining the sample with
1% uranyl acetate on formvar carbon coated grids. For the diameter measurements 200

particles were measured for each sample.

Denaturing Gel Assay.

P22-int macroinitiators and P22-polymer composites were analyzed using SDS-
PAGE on 10-20% gradient Tris-glycine gels (Lonza). Fluorescence imaging of the gels
was carried out on a Typhoon TRIO (GE Healthcare) gel scanner with excitation at 488

nm and detection at 526 nm. Protein was detected by staining with Coomassie blue.
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Native Agarose Gel Assay.

P22-int macroinitiators and P22-polymer composites were analyzed on 0.8%
native agarose gel using 40 mM Tris-base, 5 mM sodium acetate, 1 mM EDTA, pH 8.2
running buffer and were run for 3 hrs at 65 volts. Fluorescence imaging of the gels was
carried out on a Typhoon TRIO (GE Healthcare) gel scanner with excitation at 488 nm

and detection at 526 nm. Protein was detected by staining with Coomassie blue.

Analvtical Ultracentrifugation.

Sedimentation velocity experiments were performed in an XL-A ultracentrifuge
(Beckman Coulter, Fullerton, CA) using a AN-60Ti rotor. Epon double-sector
centerpieces were filled with 390 puL or 400 pL of sample and the corresponding
reference buffer, respectively. The samples were centrifuged at 20°C and 5,000-7,000
rpm. Absorbance data were acquired at wavelength of 280nm. The raw data were
analyzed using SEDFIT software, implementing the Is-g*(s) model. Input parameters

such as buffer density and viscosity were determined using Sednterp software.

Relaxivity Measurements.

T1 measurements were carried out on Anasazi FT-NMR 60MHz (1.41 T)
spectrometer for all samples. Each P22-xAEMA-Gd (0.61 mM Gd, 1.3 mg/mL protein)
experimental replicate was diluted with 67% D20 in H2O to yield a dilution series with
concentrations of 0.20, 0.068, 0.023 mM Gd. The longitudinal relaxation rate constant
(T1) at each dilution was measured using an inversion recovery pulse sequence (90° pulse

width of 6.3 us with 8 experiments of 1 scan) at 298 K, where the relaxation delay was
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set to six times the estimated T1 (Figure C12 A-C). To attain the actual T1 value, the
following equation for T1 relaxation:
Mz = A(1-exp(-t/T1))+B

was fit to the experimental data acquired at each dilution where A, B, and T1 were
used as fitting parameters. {Mitchell, 2004 #171} The plot of inverse T1 versus Gd (mM)
for the 3 dilutions was used to determine relaxivity values (r1), where relaxivity per Gd is
equal to the slope of the line (Figure C12 D) and relaxivity per VLP was calculated by

multiplying the slope by Gd/VLP.

Figure C1: Four unique morphological forms of P22. The coat protein (CP) and scaffold
protein (SP) are expressed in E. coli. The purified protein architecture is in the procapsid
state (PC) containing both CP and SP. After extraction with guanidinesHCI only CP
remains in the empty shell (ES) state. If the VLP is heated to 65 °C the shell enlarges to
form the expanded shell (EX) state used in this paper. If instead the ES is heated to 75 °C
the wiffleball (WB) state can be made, where pentons are missing from the icosahedral
vertices. PDB ID 3IYL, 2XYZ, 3IYH.
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Figure C2: Agarose gel of P22g39c-ES heated at different temperatures. Gel labels are
heating temperatures in °C. The states at 65 °C and 75 °C correspond to the EX and WB
states, respectively. Precipitation occurred while heating at 85 °C resulting in complete

loss of protein.
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Figure C3: Subunit mass spectrometry characterization of the P22g39c macroinitiator. A)
The mass observed is in agreement with the expected mass of the P22g39c mutant B) The
only mass observed corresponds to the P22g39¢-int indicating that all of the subunits have
reacted and that there is no significant multiple labeling of the subunits.
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Figure C4: Denaturing gel electrophoresis of P22-polymer samples made with varying
amounts of metal catalyst. The amount of catalyst per protein subunit ranged from 0 eq.

(lane 1), 10 eq. (lane 2), 40 eq. (lane 3), to 100 eq. (lane 4). Based on this gel 100 eq was
determined to be the most effective of these tested conditions.

Figure C5: Structural model of the P22 capsid expanded morphology showing the
location of the K118C mutation. Location of the modified residue, K118C (in blue),
derived from the structural model of P22 using coordination data deposited as PDB file
2XYZ. Both a view of the exterior of the capsid (top) and a half shell cut-away view
revealing the interior (bottom) are shown, to illustrate the location of the mutation site.
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Figure C6: Synthesis of 2-bromoisobutyrate ethoxy maleimide (4). 4 was synthesized by
a modification of the procedures previously reported.''” ***
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Figure C7: Subunit mass spectrometry characterization of the P22g39c-4 and P22k 3c-4
macroinitiators. A) The mass observed is in agreement with the expected mass of the
P22k 13c mutant. B) The majority mass observed corresponds to the P22k 3¢-4 indicating
that most of the subunits have reacted and that there is less than 5% double labeling
(47181 Da) of the subunits. C) The mass observed is in agreement with the expected
mass of the P22g39¢c mutant D) The only mass observed corresponds to the P22g39c-4
indicating that all of the subunits have reacted and that there is no significant multiple
labeling of the subunits.
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Figure C8: Basic analysis of P22K118(j-AEMA and P22539(j-AEMA. The P22K1130-AEMA
composite exhibits increased subunit mass, but concomitantly increases in diameter,
while the P22g39c-AEMA retains its initial diameter. A) P22k;;5c-AEMA analyzed by
SDS-PAGE. B) Dynamic light scattering of P22k;13c-AEMA indicates that at least some
of the polymer is on the exterior of the cage through the increase in diameter from 60 + 3
nm to 81 £ 4 nm. C) P22g39c-AEMA analyzed by SDS-PAGE. B) Dynamic light
scattering of P22g39c-AEMA indicates that the polymer is on the interior of the cage
through retention of diameter changing from 72 + 5 nm to 68 + 4 nm.
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Figure C9: Gel analysis comparison of 4 experimental replicates of the P22g30c-xAEMA
synthesis. A) When subjected to denaturing gel condition a streak to higher molecular
mass and the appearance of dimer due to subunit crosslinking is observed indicating the
growth of crosslinked polymer chains on the subunits in each batch. B) When each batch

is analyzed by native agarose gel conditions a uniform shift in mobility compared to
P22g39c-int is observed.
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Figure C10: Representative absorbance profiles of the P22g39c-int, P22g39c-xAEMA,
P22s39c-int-FITC, and P22g39c-XAEMA-FITC. The P22g39c-int-FITC is labeled on the
intrinsic lysine residues of the protein, while the P22g39c-xAEMA-FITC has labeling both
on the lysines and the AEMA introduced primary amines. FITC is the contributor to the

absorbance at 495 nm, while both the protein-polymer composite and FITC absorb at 280
nm.
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Figure C11: Verification of FITC covalent attachment by denaturing gel electrophoresis.
Three different views of the same SDS-PAGE denaturing gel electrophoresis of P22g39¢-
int (lane 1), P22g39c-int-FITC (lane 2), P22g39c-xAEMA (lane 3), and P22g39c-XxAEMA-
FITC (lane 4). A) The gel after Coomassie staining highlighting the protein component of
the samples with the unmodified subunit appearing at about 46 kDa and the modified
subunits (lanes 3 and 4) streaking to higher molecular weights. B) Both the P22g39c-int-
FITC and P22g39c-xAEMA-FITC subunits are visible when the fluorescent signal from
the FITC is visualized. C) The gel under ambient light. Only the P22g39c-xAEMA-FITC
is visible as orange streak.
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Figure C12: Representative fluorescence emission profiles for FITC labeled samples. In
this dataset P22g39c-int-FITC and P22g39c-xAEMA-FITC compared to free FITC. Each
sample had equivalent absorbance at 495 nm and was measured in pH 9.0 buffer. The
excitation wavelength was 488 nm and fluorescence emission was detected over the
charted range.
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Figure C13: Covalent attachment of Gd-DTPA-NCS monitored by native agarose gel
electrophoresis. Native agarose gel analysis of P22g39c-xAEMA (lane 1), P22g39c-
xAEMA-Gd (lane 2), P22g39c-xAEMA-magnevist (lane 3), P22g39¢c-int (lane 4), P22g39c-
int-Gd (lane 5), and P22g39c-int-magnevist (lane 6). The attachment of Gd-ATPA-NCS to
the polymerized sample has the same effect on electrophoretic mobility as observed in
the FITC labeled sample described in Figure 6.
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Figure C14: Representative P22g39c-xAEMA-Gd data used for relaxivity calculations. A)
Raw relaxivity data for the 1:3 dilution sample fit to find T1 at 0.20 mM Gd. B) Raw
relaxivity data for the 1:9 dilution sample fit to find T1 at 0.068 mM Gd. C) Raw
relaxivity data for the 1:27 dilution sample fit to find T1 at 0.023 mM Gd. D) Plot of 1/T1
values determined in panels A-C fit to determine the ionic relaxivity (rl).
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Figure D1: NMR T,-measurements for P22-xAEMA-MnPP (1,200 MnPP/capsid) at 19
MHz (a), 90 MHz (b), and 300 MHz (c) showing R” value close to 1 indicating a good fit,
with slope equal to ionic relaxivity.
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Figure D2: UV-VIS spectrum of imidazole added to free MnPP (red) at molar excess 100
(orange), 1000 (green), and 10000 (blue) excess. Inset: The appearance of the peak at 482
nm indicates binding of imidazole to MnPP
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MnPP/capsid Conc. MnPP inside capsid (mM) I'2,ionic / T'1,ionic

1,072 13.0 2.18
1,201 14.5 1.75
2,578 31.2 1.54
3,236 39.2 1.48
3,646 44.1 1.32

Green = P22-MnPP w/o EDC, Pink = P22-xAEMA-MnPP w/o EDC,
Orange = P22-MnPP w/EDC, White = P22-xAEMA-MnPP w/EDC

Table D1: P22-VLPs conjugated to MnPP with calculated concentrations of MnPP inside
P22 and r,/ r; ratio based on different loading factors.
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Figure E1: Ni-NTA elusion profile: wt-Dec (top) and Dec-RGD (bottom).
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Figure E2: Characterization of P22 (S39C) C-terminal RGD. (a) SDS-PAGE gel showing
correct subunit mass of coat protein CP and truncated scaffold protein SP141. (b) Native
agarose gel showing morphologies of procapsid PC, expanded shell EX (heated to 65C),
and wiffleball WB (heated to 75C), indicated by shifting of bands upward. (c) Subunit
mass spectrometry shows correct subunit mass of P22 (S39C) C-terminal RGD
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Figure E4: DLS of Dec shows size-distribution of P22 labeled with Dec and Dec mutants
do not change size.
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Figure E6: FACS analysis of P22 (S39C) C-terminal RGD. FACS shows that P22 (S39C)
C-terminal RGD targets C32 melanoma cells compared to P22 (S39C) control.
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