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Abstract

Biological protein assemblies are the products of evolutionary necessity that
have arisen to protect the cell, improve reaction yated/orcompartmentalize
biological system$Belonging to this category of saksembling bionano
structures areage proteinsCage proteinare composed of multiple protomers
(subunits) that selhissemble into many unique structures, all having interior,
exterior, and interface surfaces availabledontrollable modification.
Bacterioferritins (Bfr) are a set of cage proteins belonging to the ferritin
superfamily of iron storage proteins, are roughly spherical with a 12 nm exterior
diameter and an 8 nm interidiameterare composed of 24 identigadotomers
and contain 12 heme cofactofs important feature of Bfthat was utilized for
advancement in platform development wheslocality of theN- and G termini.
These terminpoint towards the exterior and interior of the protein cadgach
mack them ideal for genetic engineering these two surf&dghistidine amino
acid sequences (86-tags) wereadded to the @ermini of the Bfr protein
subunits in order to provide new selective affinity interactions omtbgor
protein surface of thisultiprotein cavity. This His@ag dfinity interaction
allowedfor Ni?*-dependent complexation between the IBfstandtwo guest
molecules modified witka nitrilotriacetic (NTA) acid. The two proof of concept
guests studied in our laboratory were strejlia binding a biotiRXNTA
functionality, and a gold nanoparticle (GNP) containing NTA functionalities
This approach was designed to makeh streptavidinand GNPsddressable to
the interior surface ddfr through the NTA/His&ag affinity interactionThe
purpose of these experiments w@agxplore various methodologies to form
controllable interactions between guest molecules and internal protein cavity
surfacesAdditionally, the endogenous heme molecuwese exchanged for
fluorescentlymodified henes as a further approach to engineer this cage protein



for hostguest interactions. The information gained from the above experiments

will help develop the bionanotechnology applicatiohBfr.
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1. Chapter 1: Introduction

1.1. Summary of Research

Although proteins are complex molecules, they can be engineered and
repurposed through a combination of recombinant genetic and chemical
approaches. Multiprotein complexes, such as cellular housekeeping cage
proteins and viral coat proteins fall within the category offemoparticles,
and are being investigated with intense interest as potential platforms for
drug delivery, unique materials generation, biosensors, and other novel
applicatiors 1> These protein shells vary in size from the largest virus with a
750 nm diameter shell to the smaller protein compdexi¢éh diameters of 10
nm®7 (Figurel.1). This diversity in size, and function, provides a reservoir
of cage proteinall governed by similar assembly principles, which could be
used in many unique applications. Of importance ¢ése¢happlications is
understanding how hegluest interactions are central for encapsulating
novel guest moleculeshich modifications to the protein cage outer surface
can be made to direct it particular surfaces, and hovative features can
be exploiedtot he wuser 6s advantage

The purpose of the proposed expertaeresearch described herein was
to better characterizbe properties and limits @ine such biomolecular
system, bacterioferritin (Bfr), as a platform for hgskst interactions and
surface targeting. This entailédree major areas of investigation:
engineering of hosjuest encapsulation interactions, surface targeting by
protein cage modifications, and chemical modification of propionate groups
onthe nativeheme cofactonn this chater,the applicatiorof bio-
nanomolecular systemll be outlined, and the relevant background
information on cage proteinencapsulation strategies, and labeling

cofactors will be discussed.
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Figure 1.1: Size comparison of three commonly cited cage proteimsvestigated compared to a
C60 fullerene. From left to right are the vault protein, CCMV, Bfr, and a C60 fullerene. Images
were generated in Pymol using PDB IDs: 2QZV, 1CWP, and 1BFR.

1.2.Biological Molecules in Nanotechnology: ThEmergence of

BionanotechnologyDriven Applications

1.2.1. Encapsulation of Functional Guests in Cage Proteins
Hostguest interactions, or the methddencapsulatguest
molecules within proteicagesare essential in the design of drug delivery
vehicles, nanweactors, and unique biomolecular platforms. Understanding
the methods used encapsulate guestolecules will be important for future
development of successful hagiest interactions. Presedbelow will be a
discussion of three meailds of encapsulation along with the various unique

features of hosts that are exploited to encapsulate ¢drgeests.

Encapsulating novel guest molecules within a cage protein remains a
challenging pursuit. Deveping methodologies to probe the capabilities of
host cage proteins remains an important, but poorly understood area. This
point was emphasizday J. Cornelisseim his Nature Chemistrpublication
on viralencapsulation wherein leghlighted that outensface
modifications to cage proteins are generally much easier than the series of
careful choices that must be made for successful encapsulation, and proper
host interaction with the guésMethodologes to encapsulate guest

molecules, generally, require disassembly of the protein cage, which allows

2



guest molecules to interact with the interior surface of the host. Once the
guest interacts with the interior of the host surface, reformation of the cage
permits the trapping and encapsulation of the target guest molecule(s). The
contacts that maintain the host and guest interaction can be subdivided into
three categories: concentration dependent encapsulation, covalent or
genetically engineered linkagesd noncovalent affinity interactions

(Figure 2). Presentation of examples will be given here to exemplify each

category.

€ 3/ ¢ g\c@’ )

Figure 1.2: Demonstration of the three categories of encapsulation methodBhe first method

(A) is non-specific and only passively accumulates guest molecules. The second method (B) uses
a covalent linker to assodte guest molecules to the interiothrough genetically engineeringa
covalent modification (R) to amino acids, or either genetic or chemical linkage to scaffolding
proteins (*). The third type (C) is a specific, and norcovalent methodof encapsulation

1.2.1.1. Concentration Dependant Encapsulation

This first category is less well represented in the literature because it
is an unspecific method. The methodology involves the disassembly of the
host cage protein in the presence of high concentrations of theddgsest
molecule (Figure 2A). Upon reassembly of the host cage predene
population of guest is encapsulated through mere chahemethod is
less desirable because there iginwing attractive force between host and
guest, and so minor repulsivarées preventing the guest from interacting

with the host cabe unfavourable foencapsulation. Cowpea chloritic



mosaic virus (CCMV) was able to encapsulate horseradish peroxidase using
this nonspecifictechniqué’. Triggering of CCMV to disassemble was
accomplished by a switch in the pH, incubation with the guest enzyme, and
then adjustment of the pH to reform the CCMV capsid. Encapsulation of a
small molecule drug cisplatin in ferritin was performed tgling cisplatin

in high concentrations, followed by dissociating ferritin with an alkaline pH,
andwasthen reassembled by decreasing th¢.}y Some other papers
describé similar methods that use excess guest nuded his is an

acceptable procedure when the guest can be used in excess amounts, or
when there is some innate positive interaction already present, such as
electrostatics onativemetal ligation. In these instancéise researcher is
taking advantage of the intrinsic properties without having to engineer in
new functionality. Despite the success of thisthod, more investigations

havefocused on directed encapsulation of guest molecules.

1.2.1.2. Covalent and Genetically gmeered Encapsulation

Covalent methods for encapsulation can be used to directly link
guest molecules to the interior of cage proteins. The interaction is
irreversible, which can be either disadvantageous or advantageous
depending onhte nature of the aggation. When the guest molecule is a
protein or peptiddt is possible to genetically engineer the guest molecule
onto an associating protein, or to some part of the capsid sequence. The
Douglas laboratory has used genetic engineering to localizegoésins to
the inner surface by modifyingseaffolding protein, which associates to the
interior ofan assemblinhacteriophage P22 virus (Figure)2&1°
Scaffolding proteins, as in P22, are highly modular towards incorporation of
proteins of appropriate sizes. The group has performed studies for the
purposes of cexpressig and encapsulating aggregation prone guest
proteins to improve purification techniques. They have encapsulated a wide
variety of enzymes, such as: CelB glycosidase, alcohol dehydrogenase, and
havesimultaneouly encapsulatethree enzymes involved in astade

reaction. This methodology excellently utilizes the native scaffolding

4



protein for the purposes of encapsulating guest moletiui@sgh covalent

linkage to the interior surface

Direct labelling through covalent modification of an amino acid is a
familiar method to biochemists, and has been employed in encapsulation of
novel guest molecules. A photodynamic therapeutic was covalently attached
to the interior surface of bacteriophdg&2 by incorporation o& Cys
residue by sitspecific mutagenesid the virus capsid interior, followed by
reaction with a maleimide functionalized photodynamic therapeuticdgent
The host protein with photodynamic payload was directed to cancerous cell
surfaces by mdification of the exterior surface with an aptamer specific for
the cell surface. Covalent additisras also usetb attach a fluorescent dye
to the interior of a heat shock protein in combination with a peptide that
targeted macrophagé@sThe dye was covalently attached to an interior Cys
residue through a maleimide containing dye, which was able to dajest
of atherosclerosiCys labelling was also used in bacteriophaget® 2itace
a catalytic initiatolon the interiorthat allowed for the polymerizaticof
poly(2-aminoethyl methacrylateyithin the confined environment of the
cage proteif?. The controlled nature of polymerization within a cage Bahit
the size, angize distribution of the resultimgplymers, which can be of
great interest in the synthesis of narrow molecular weight distributed
polymers.The specific applications of covalent encapsulation are those that
do not require a guest molecule to be releaSed.imaging,encapsulation
of catalystr enzymes, and some therapeutics work well waalent
approaches fagncapsulation. Other applications requrdenefit froma

more dynamic interaction for encapsulation.

1.2.1.3. Non-covalent Directed Encapsulah
This mode of encapsulation can be further divided into two groups:
those that use an accessory coat protein, and those that do not. As is
somewhat familiar in virus capsids, multiple proteins can be involved in

formation of a complete viral coat (Figu2C). Scaffolding and accessory



proteins exist that associate to the interior and act as excellent handles for
genetic modification. The Cornelissen group has used this successfully with
CCMV in the past, using a genetically engineered addition of énkeuc

zipper cognate pair to associate a guest molecule to the irtEG@MVZ.
Similarly, vault associating protein has been used to encapsulate drug
molecules and gold nanopatrticles to the interior using genetic modifications
to the associating protein to noovalently link the guest molecule to the
interior. Inthe first casehe associating protein had an amphipathic helix
addition to associate lipid nanodisks saturated with drug molecules to the
interior space of the vault protéinin the second example a Hisg on the
vault assomting protein interacted with gold nanoparticles displaying a
nitrilotriacetic acid (NTA) moiety on the surf&éeln another example of
metal coordination, &-iodoacetamidédl,10-phenanthrolinevas labelled to

the interior of the P22 bacteriophage protein coat, which was shown to
coordinate the metal templated growthl¢8-di-1,10-phenanthrolirb-
ylthioure&®. Geretic mutations were made iteterior residues of the P22

coat proteirto generate a K118C and S3@dlitant. These Cys mutants were
covalently labded with 5-iodoacetamidel,10-phenanthrolinewhich could
co-coordinate a Ni ion with a1,3-di-1,10phenanthrolirs-ylthiourea(bis

form of-iodoacetamiddl,10phenathroling. This was of interest because it
demonstrated another mode for metal based affinity interactions. Another
study utilizedRh-norbornadienandlabelledan interior Cys residue on

ferritin to initiate the polymerization of phenylacetyl&he

Genetically integratin@ binding motifcan be a very versatile
approach to introduce neatfinity interactionsA p19 RNA binding protein
was engineered as a fusion to the HBV vimsich created a chimeric virus
thatcould bind SiRNA therapeuti€s This was a very versatile development
because the p19 RNA binding protein could bind multiple types of siRNA
without having to make modifications to the therapeutic SIRNA strudiure.
addition, the surface was functionalized with an RGD cyclic peptide motif

to address the virus complex to cancerous cells. Similarly, bacteriophage
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MS2 throught he use of the MS2RMADiodingr i ophag:¢

affinity was able to encapsulataultiple therapeutics and deliver them to
hepatocellular carcinoma céll¥he interaction was able to encapsulate
cargo containing an RNA motif known be bound by the interior of MS2
cargq which included: quatum dots, therapeutic drugs, siRNA, and ricin
toxins. Daunomycin and doxorubicin have both been encapsulated within
ferritin through the incorporation of a pehgparticacid sequencend the
co-coordination of a Cbetweerthe native metal binding site ferritin and
the drug respectively??®. Both technologies showed potential for drug
delivery, but only the latter was modified with a cyclic RGD peptide and
evaluated for its ability to tgetin vitro andin vivo cancerous cells. Nen
covalent interactions between host and guest creates a more dynamic
interaction, which can be beneficial for release of cargo, but can also be of

interest for more stable arrangements.

1.2.2. Drug Delivery

Bio-nanopaticles encompass a large natural catalog of particles,
ranging from DNA to lipids to protein, as wel various combinations of
theseThe two areas of research where-banoparticles are most actively
pursued are the medical and material science figlithin the medical area
there are two main projects: drug delivery and imaging, or image
enhancemeft The bienanoparticles used typically have a hollow centre,
and a surface amenable to modification. Thidifates the protection of a
drug, contrast agent, fluorescent molecule, or photodynamic therapeutic,
which is combined with the ability to target cells displaying specific
antigens, or receptors. The development of these vehicles is a complex
process necsgating many requirementdn ideal biecnanoparticle should
be: stable enough to retain all of its cargo, large enough to be excluded from
renal clearance but small enough to avoid opsonisation (enhanced
permeability and retention effect [EPE]}, able to carry molecules that
can be released from the interior upon encountering a targate a ligand

or marker on the surface that is higspecific to the desired tardétis non
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recognizable by the immune syst&rif, contains noftoxic components or
metabolic products, and likely othirctors that have not been accatht

for.

Liposomal delivery particles continue to be the largest contributors
in this are®. Proteins, however, are persistently being explored as potential
targets due to severatlvantageous features, some specific only to
proteing®%44 Many proteins are netoxic, easily metabolized, can present
polyvalent markers, have sizes that comply with the EPR effect, are stable,
are amenable to exquisite chemical and genetic modification, have a
structurallyuniform population, are frequently easy to produce, and have
structural data available with atomic resolution. The protein systems that
have been reported have included viliks-particles (VLP) and protein
cages, which include ferritins, vault proteirmro&L, heat shock proteins
(Hsp), and other protein cages. Protein cages are not derived from a single
peptide chain, but many identical, safsembling units. Repetition of the
same unit in the structure provides labelling advantages. Modifications
desigred for any one structural unit will be repeated throughout the overall
structure; in this there is a buitt propensity for avidity. Cage proteins,

therefore, have a great potential for directed therapeutic delivery.

Specific drug delivery to diseasedlls haghe potential to
revolutionizethe way drugs are taken and diminish the side effects seen in
patients. Advances in drug delivery have not yet replaced the current
treatment schemes, and much primary research still remains to be
performed. Currently, cage proteins are being investigagedsmall but
growing subset of delivery vehicles for their ability to encapsulate
therapeutics, and to target specific cells. For therapeutic delivery the ideal
scenario is to trap the drug molecule within the vehicle, and upon delivery to
the target célrelease the drug ian unalteredactive form. Some methods
of encapsulation include disulphide and acid labile link&gfésTwo

nonspecific cellular mechanisms exist that will liberagriast molecule



from the host cage protein. One is the reductive nature of the cellular
environment, which can reduce disulphide bridges. Therefore, any drug
covalently bound through a disulphide linkage should be relegsed

entering the reducing envinment of the cell. ie seconanechanism relies

on acid sensitivitywhere endocytosed molecules are targeted to the
lysosomeThe lysosome has an acidic environmant] can cause the

release of acid labile hydrazine linkers. Other linkers include thehatient

to RNA, which can be released by degradation with RNases. In this case a
drug is linked to an RNA molecule, which is then readily degraded by
RNases found in the botly Peptides can also be degraded by the
metalloproteinases overexpressed in regions containing solid tumors, which

can release encapsulated drug moleétifés

Designing triggers to release therapeutics is as important as being
able toencapsulate drugs that are otherwise not soluble in aqueous
solutions. Cyclodextrin has been used to associate hydrophobic drug
molecules within protein cages, which then slowly leach out into thécell
Poly-aspartic acidhas also been used to specifically locate daunomycin to
the interior of ferritif®. Use of an RNA label to specifically encapsulate
multiple types of therapeutics, including small molecule drugs, alatur
toxins, and imaging QDs was used as a versatile targeted encapsulation
method. All of these methods havlecommon theme, artat is the use of
some linker that can be controllably released upon interaciibrtive
desired cell type. Some of the studies mentioned hereilmeestigated the
efficacy of these approachiesmammalian cells anchouse models. These
studies have reported the accumulation of the active ingredient in the target
cell type, and an imprement in the therapeutic effect of the drug.

The second aspect to drug delivery is the need for targeting a unique
cell type. This has been effectively accomplished by identifying unique or
overexpressed receptors on the surface of target cells. Poatges are

particularly adept fotargeting to cells due to their ability to be multiply



labelled with ligands or receptar$his ability should greatly increatiee

interaction with a target cell through an effect known as avidity. For solid

tumors theres an additional #ect called the EPR, which results from the

prol onged circulation and passive acc
tumors due to epithelial fenestrations and accelerated angiogenesis at solid

tumorg®..

Viruses have been used in the past, and although many mammalian
viruses possess the native ability to penetrate cell interiors to deliver their
genetic payloads, many of the drug delivery vehicles being designed are
from plant based viruses, or ngmal cage proteins. Therefore, ligands must
be engineered onto the surface of these cage proteins to direct them towards
specific cells. Small molecules can be used to target receptors, such as folic
acid, which binds the folic acid receptorA common ligand to target tumor
surfaces is tharginylglycylaspartic acidRGD) peptide, whictargets
over expr es daateptord®t RDG lisa peptite based ligand, and
hence this sequence can be geneticallyneged onto the protein cage
surface. Pede based markers are generaésier to place precisely within
the protein architectunesing established molecular genetic techniques
Peptde markers include: epidermal growth factor, Lyeptide, SP94
peptide, and peptides derived from phage disgfay}°2 Like phage
display, whichcan generate affinity peptides for both organic and inorganic
targets, aptamer technology has arisen as a means to generate highly specific
receptors for desired targets. Aptamers have been used tbdabmirfaces
to direct them to target cellsr photodynamic treatmenbut this approach
could be extended to therapeutic delivery as'Wellelecting the appropriate
cell identifier and the complimentary ligand or receptor will be essential in
designof drug delivery vehicles to ensure that drugsagueropriately

addressed
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1.2.3. Directed Placement of Novel Metal Centres

Ferritins and other protein complexesve been utilized fativerse
generation of metal centres that fall within the categories of quantum dots
(QDs) and nanoparticle&eneratiorof QDsor metalclustersremainsan
interesting area of search in materials sciensgceQDs can exhibit

superparamagnetic, semicorztar, andfluorescent propertiéd

Marriage of biological molecules with materials through
bioconjugation serves interesting applications in the creation of biosensors
and controlled delivery of inorganic nanocrystalmaterial. Localization of
ferritin onto silica surfaces has been accomplished by electrostatic
attraction for example ferritin was found to associate witl®0 nm spaced
postive spots using-&minopropyltriethoxysilane on sili¢a The ability to
specifically position a single ferritin is an important display of controlled
placemenuseful in the area of bioelectroni@&hese types of delivery
methods have been applied to floating nanodot gate memorefietd
transistors by placing morayers of semiconductor NP on a transistor
whichwas accomplished through the use of a (@hyleneiminedmodified
transistorthat could electrostatically attract ferrittontaining metatores
of Co0°>%¢ A similar approach was used to develop a-temperature
polycrystalline silicon thin film transistor flash memory device, again using
ferritin to ferry metal cores generated in its interior into locaticionm the
required mondayer®’. Ferrying metal cores can be used for more than
bioelectronics purposes. The generation Bbister esonance energy
transfer (FRET) based biosensor was possible by use ofisgégplaced
ZnSe NPn Si substrate, wheferritin acted as the fer}?. Use of
encapsulated QDs in viruses can also be utilized for cellular imaging.
Simian virus 4(oroteincapsidsvasemployed to encapsulate @D
functionalized with DNA ligands, and subsequently used to targeticells
vitro®®. This approaclsuggestpossible use of sudsiomolecular
frameworks in cellular imaging, which would utilize the improved

properties oQD compared to organftuorophores
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1.2.4. Catalytic Confinement

Encapsulation of catalysts and enzymes into cage proteins for
development of nanpeactors has revealed some interesting enzymatic
properties, some of which remain to be fully explained. Thé&whil study
single enzyme reaction rates, and to alter the local environment of the
encapsulated guest molecules may lead to a better understanding of enzymes
and improvements of enzymatic turnovBnere have éen a series of
experiments thédtave repoed that encapsulated enzymes and catalysts
resulsin an increase in the catalytiarnover, no change at all, or alteration
of other kinetic parameters, such as Km. One of the first investigations of
enzyme encapsulation was thatotapsulatingporseradish peroxidase
(HRP) within CCMW/.° The HRPenzymewas nonrspecificallyencapsulated
within CCMV and it was determined that each capsid contained only one
enzyme moleculeTheauthors did not perfan enzymatic studies, but were
able to demonstrate thahzymes could be encapsulatgthin a protein
capsid without totallylisrupting enzyratic function The next level of
analysis was to encapsulate an enzyme and evaluate the kinetic parameters.
The sclool of thought concerning the effects of encapsulation on enzyme
activity wasthat substrate turnover should increasealse of the apparent
increase in concentration of substrate or enzyme withindh&ned capsid
space When a substrate leaves thekublution and enters a VLP, or
protein cage, the volume drastically decreases, and hence the concentration
of the enzyme, the substrate, or both is significantly magnaigdn the
viral capsid.Similarly, if multiple enzymes involved in eascade reacins
are placedvithin the confines of a cage protahrerates should increase
since the substr at e dromeonedeagionecaehttect s ar e
the next Recentevidence hashed light on the question of h@mzyme
kineticsareeffectedwithin the confined molecular space of viral capsids
Encapsulation oPseudozyma antarctidgpase B (PalB) within CCMV was
shown to have increased turnover compared to theenoapsulated

enzyme®® The researchers emgsulated PalB by a naovalent coiled coil
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affinity interaction between the enzyme and the capsid protein. It was
observed that the activity of PalB was highest when there were fewer
enzymes encapsulated (one or two). This was suspected to be a réwault of
limitation of substratéransiton into the capsid interic&nd to active sites

The Km did not appear to change and so the explanation for increased rates
at lower enzyme encapsulation numbers was thattwion ratevas

increased. The results seemed to fit previous work done with enzymes
within vesicles, where smaller vesicles increased the turnover number of the
encapsulated enzynfésConversely, encapsulation of CelB glycosidase
alcohol dehydrogenase within bacteriophage P22 showed no increases in
turnover between encapsulated and &eeymet!*Encapsulation of

alcohol dehydrogenase showed a dasean both turnover and Km, which
could be a result of ovarowding, as was observed in the case of PalB

when excess enzyme was present. The optimal amount of PalB was 3.5 fold
lower than the alcohol dehydrogenase concentrations found in P22, and so
there mayexist an upper limitvhenconsidering enzymatic loading

Although great improvements to rates of enzyme reactions were not
observedthe measured enzyme rates do not appear to dearpas
encapsulation. Encapsulation within bacteriophage P22 eé #mzymes
involved in the metabolism of lactosas investigated to evaluate the

principle of proximity effects with cencapsulated enzym& Interestingly,

no increase in turnover was observed in them@apsulated enzymes from

the free enzymes and singly encapsulated enzymes. This null result
prompted further exploration, which resulted in a mathematical model that
suggested a finuning of the kinetic balance between enzymes. By
modulating the first enane activity with an inhibitor (Tris buffer) the
combination of enzymes was observed to outperform the individual
enzymes under the same conditions. Bhexls light on the complexities of
encapsulated enzymes, and somthefmisinderstanding in the field

Further investigations on both the encapsulation of single enzymes as well
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asmultiple enzymes will enhance the scope and capabilities of studying and

manipulatingthese catalysts

Even if enzymes do not show improvements in rate after
encapsulation,apsids could still be useful for enzymatic studies since free
enzymes have been shown to decreaseity upon attachmeno
surfaces %263 Using a cage protein as a scaffold to house thapsutated
enzymes and protect them from surface labelliiegradation could
circumvent the decrease in enzymatic activity due to covalent attachment to

a surface.

Parallel to the enzyme encapsulatsdndies are experiments that
have been reported on ig@amic catalyst encapsulation. One study reported
the encapsulation of a Pt nanopatrticle within a heat shock protein. This host
guest complex was able to genetdtegas at the efficienclevel of some
naturally occurrindiydrogenase® By preventing Pt from aggregating in
solutionby protecting it withina host cage proteithe nanoparticle was
able to generate ¢jas by light drivemphotoactivation of a Ricomplex.

The Ru complex woulttansfer an electron to methyiologen which in

turn donated the electron to the Pt nanoparticle to reduce protongés H
Methyl viologendegrade quickly in the solution due to exposure to Pt,
however,and further improvementaust bemade More importantly, this
study demonstrateastep towards integration of inorganic nanoparticles
with biological scaffoldgor the purpose of catalytically generating a highly

useful fuel substance

1.2.5. Novel Metal Centres

Even before the exact mechanism of thedfedase centre was
elucidated there had been experimentation to utilize the machinery of
ferritins to introduce new metals into ferritin to form cores of defined and
uniform size. The development of novel nanoparticles of defined size has
revolved largelyaround the use of commercial hosgeen ferritin and

some viral protein shells (capsjds There have been many different
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approaches to the generation of nanoparticles, including utilizing the
inherent ferroxidse centr®, by addition of hexacyanoferrate(fif) or
encapsulation of a metal of interest followed by the addition of an
appropriate nucleating agent, wherein the pratage acts as a physical
enclosure to limit core growf®’° The types of metals and metal
composies utilized are diverse in forrogystallinity, composition [In, Co,
Cu, Ni, Cr, Pd, CdS, ZnSe, £&3) and propertiesnfagnetic, semiconductor,
and fluoresceng&®®%%"IThe nanoparticles harvested froneske protein
cage systems are good examples of how ferritins, and indeed other cage

systems, can aid in materials development.

1.2.6. Cofactor Modification

Protein cofactors provide an expanded range of functionalities that
the 20 canonical amino acids canndtestvise provide. Such cofactors
include: NAD(P)H, flavins, metal atoms or clusteygridoxal phosphate
(PLP),pterins, biotin, quinones, protoporphyrins, chlorins, and many others.
A critical role of some cofactors is to handle the processing of electrons
either single electrons or pairs of electrons. Most notatgythe flavin
metal centres or clusters, and protoporphyrin cofactors in their unique ability
to handlesingle electroriransfers Most redox proteins, and electron
shuttling proteins involve the use of one or multiples of these cofactors to
transmit electrons. These classes of enzymes and proteins are of particular
interest because of the ubiquity of the cofactors, the diversity gfreew
and protein functions, and their integration into devigesh cofactor
having its limitations and advantages that lend it to applications in the

aforementione@reas.
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1.2.6.1. Applications of Chlorin and Heme Modifications

Separate from the clas$ flavinsand NAD(P)H cofactors are the
protoporphyrins, which are certainly one of the most diveo$actors found in
nature. An excellent publication on the aspects of hem@rtdporphyrirsin
biology can be accessed for more in depth wevfeDiversity of functions
include: catalysissubstrate transpofbxygen in hemoglobinand electron
relay. Such a seemingly & range of purposesoin a single class of cofactor
are possibléhrough several points of variatidfor instance, iwdulation of the
redoxproperties of protoporphyrins can be accomplished by changes to the
coordinating reidues on the transition me{&igure1.3). Amino acidresidues
coordinatinghemetal in protoporphyrins cgmovide ligation of the metal in
one or two positions. Some such known residuesieeHis-His, HisMet,
Cys, MetMet, and TyfHis.”?

As might be expected from the diversity of functions, the architecture of
heme binding proteins is not conserved, and many structures exist. Heimoglob
a text book example of molecule transport, uses a {epretoporphyrin and is
coordinated by proximal His(F8). Roxygen binding, the iron is
pentacoordinated, whidiecomeshexacoordinated upon oxygen bindifigh
distal His(E7) cecoordinates with the dioxygen molecule while it binds to the
ferrous iron of hem# (Figure 5). The iron atom must be ferrous to bind and
transport oxygen, and the proximal His is essential in the mechanism and fine

tuning of heme fothis purposé?

His-His interactions can be seen with cytochrome c oxidase (Cox), which is
a Cuheme membrangrotein involved in the reductiasf molecular oxygen to
water in the electron transport chat Cox coordinates two heracofactors,
one with a bigHis coordination. Thidis-His coordinatedhemetransports a
total of fourelectrons and shuttles them to the second heme reaction centre to
eventually reduce moletar oxygeri®. Redox potentials associated with the
hemea cofactors have been reported to range bet\268mV and 340 my

compared to the hentesituated in hemoglobins which can have a redox
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potential of-52 mV.”” This demonstrates how even though the same residues
coordinate the heme group, modifications to the macrocycle and changes in the
protein architecture can greattyodulate the hemedox potentialAn example

of Cys thio/thiolate) coordination of heme cofactors can kensa the enzymes
termed cytochrome4%0 (P45).”® This class of enzymdsas great importance

in the metabolism of fatty acids, steroidad xenobioticsThe rde of heme in

P450 isto activate molecular oxygen at the heme iron to anasan
intermediatewhich is then primed to reawith substrate$® Thethiol-ligated

hemeb in P450s has a redox potential in the substrageform of
approximately-220 mV, which changes as substrates bind and the spin state of
iron change® Lastly, a bisMet coordinated hemk cofactor example can be

seen in the Bfr class of proteins. As mentionex/jpusly Bfr is a storage

protein, used to maintain a repository of imeithin cells Although the function

of heme had been debated, recent evidence has ehsegg®orting its role in
triggering iron release from the cage inter@s outlined belowBfr hemeb has

been shown to interact withBir-associatingrotein that derives electrofi®m
ferredoxin and was proposed to transfer electrons to the ferroxide centres inside
the Bfr cag@®' The observed redox potials in Bfr have been betweed75 to

-225 mV depending on whether the iron core is presemby:
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Figure 1.3: Some of the most common forms of heme in nature, aradchlorin. Heme-b (A) is one of
the common types of heme found in nature. The iron metal can be coordinated by two histidine
residues (B), by single histidine residues, or by other amino acids likeethionine, and cysteine.
Variations of heme are seen in nature, such as herag(C), and hemec (D). Variations of chlorin (E)
can also be used to substitute heme in some proteins, for instance chlorin E6 (F) has been used to
incorporate within bacterioferritin.
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The propionate groups found on heme have a somewhat unexpected
role, and are important in the handling of single electrons. P450s and
peroxidases may delocalize single electrons taéleoxylate groups aime
propionatesand may be somewhat invedin the transfer of electrons, as
evidenced by crystallographic data showing interaction betperxidase
substrates antthe propionate groups of its hemefactor® If indeed the
propionate groups are more critical for the function of heme contginatgins
than previously thoughthen surely the pKa of the carboxylate groups would be
important. This very property has been obseimdtemecontainingproteins
where changes to the propionate local environment, and thus theppeaed
to modulate the redopotential of the hem®* For these reasons, and reasons
discussed in previous paragraphs, hemes have been toutedohsheneost
versatile cofactors in biologwith a reported range of 800 mV in redox

potential®>-6

In addition to native heme diversity, investigation into the modification
of heme and hemeageins has also become of interest for the biotechnological
and bionanotechnological community. There is great interest in enzymes,
specifically redox enzymes, in biotechnology for the production of chiral
compounds, biofuels, and in the disposal of hatwaste compoursf’*°
Protoporphyrin containing enzymes have been explored for these purposes to
improve some industrial apphtions in synthesis and degradation. The major
contender in this area is P450, with the notable addition of cellobiose
dehydrogenases. P450s are primarily used for the production of new
compounds, pharmaceuticals, optically pure molecules, and for
bioremaliation®! Biofuel cells are more commonly mentioned with cellobiose
dehydrogenases and glucose oxadfd$°By linking either direct or madted
electron transfer to an electrode from the cellobiose dehydrogenase, researchers
have been able to generate electrical cuff€hhese literature examplebow
that distinct heme coordinating proteinsde used for the development of
industrially relevant technologies. This means that understanding the modes of
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electron transfer and how to modulate them will be essential for further

development and understanding in this field.

Research has also beported on modification of the propionate
groups as well as the macrocycle itsalf outlined belowModification to the
Macrocyclecan alter the electrochemical properties of the hemseen with
the differences between chlorins and protoporphyfi@hlorins, generally, are
easier to oxidize than protoporphyrins, and chloniamge been demonstrated to
beexchanged with heme in heme progsthAlthough the macrocyelis a
powerful place tonodulate these characteristiosacrocyclemodification as it

relates to replacement in heme proteinskeen less explored in research.

More interest has begraid to the exploration of the propionai®ups
on protoporphyrins and heme. Labelling of heme propionate groups usually
follows a similar synthetic route, activating the carboxylic acid with
carbodiimide followed by thaddition of a desiredmine containindabel. The
Niemeyer group has labetl heme propionate with DNA for the purposes of
directing horseradish peroxidase and myoglobin to surfaces containing the
partner DNA strandRigure 1.4).°4°” Heme was doubly labelled, and singly
labelled with DNA oligonucleotidefllowed byevaluation othe enzymatic
activity upon surfaceinding. Interestingly, the group also demonstrated
selective labelling aiihdividual propionate groups on a singlemethrough use
of a glass suppaff They were capable of labelling a single heme with both a
single stranded DNA oligomer ancphotosensitive ruthenium complex. The
ruthenium complex was phetictivatable and able to reduce the hemoe. The
single stranded DNA wassed to associate the heme to a surface presenting the
compkmentary DNA strand. &iilar to this type of reduction, anothgroup
has reported the attachment of thgoglobin heme to a CdTe quantum dot that
could photereduce the heme through the phattivation of the CdTe quantum
dat.®® Using athiol containing label, they were able to directly attach multiple
myoglobin proteins to the CdTe quantum dot through the heme moiety. These

examples show how heme proteins bamattached teurfaces and reduced
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when coupled to photactivatable groups.

A B C

Ay

Figure 1.4: Examples of the modifications that have been made to the propionate groups of heime
Modifications to heme demonstrate how additional functionalities can be introduced to heme
containing proteins (A). Through addition of a DNA oligomerresearchers were able to attach
myoglobin to a surface and label the second propionate group with a phwactivatable ruthenium
complex(B).%® Heme has also been labelled directly to a CdTe QD, which was able to reduce the iron
centre upon photeactivation (C).%°

Myoglobin andhorseradish peroxidase have shown enhanced rates of
reaction with the addition df,N-Di(carboxylate)1,3,5Benzenetricaboxamide)
derivatives to the heme propionate groups. Functionalization of the propionate
groups withN,N-Di(carboxylate)1,3,5Benzenaicaboxamidavas shown to
enhance the rate of peroxidase activity of myoglotwwards 2
methoxyphendf®. This increased activity could possibly be due to the aromatic
benzene ring interacting with the phenol ringhaf substrate. Similar work was
performed that discovered increased thermo and solvent stability of myoglobin

after heme modifications were netd!

Biosensor development through direct electron transfer from heme
proteins to electrodes is another possibility for heme pmt&iElectron
tunneling through proteins is very distance dependent, and proper positioning of
the heme moiety is essential for efficient electron transfeeme proteins

Orientation of heme in the heme protein at an electrode surface is important for
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biosensors, and can be applied tcstredectrode modifications with heme
containing electron transfer proteins. For exampdendr has been attachieda
titanium nanerod through its propionate groupshichcoordinated horseradish
peroxidase for the purpose of developing a perokidsense® The many
examples of chlorin/protoporphyrin cofactor modificatovide foundational
evidence for the breadth of interest and application of a ubiquitous class of

cofactors.

1.2.7. Bioconjugates

Bioconjugation $ an essential component to many of the studies
outlined in thischapter Conjugation is required to specificaipmchor guest
molecules to the host cage proteins, and/or to provide affinity linkers between

multiprotein complexes and various guests.

1.2.7.1. Bioorthogonal Reactions

Ideal reagents for covalent modification of proteins would have the
following properties: solility in water, selectivity to a particular functional
group, reactivity producing high yields, and an ability to undergo reaction at
physiological temperatures and pH. Thesguirements have spawned
devel opment of bioort hocgoosnEnefirsand dAcl i cl
bioorthogonal reaction was derived from the Staudingguction reaction
(Tablel). A phosphine reacts with azides, a functional group not found in
proteins, and is thus very selectased has minimal side reactior&ubsequent
modification of this reactiortermed theStaudinger ligation, allowed for
chemical attachment of functionalities to the azide grdaple1).1°* Both
reactions require twoomponentsan organophosphine and an organca#dl
These functional groups are compatible with biological systems such as proteins
and cells. The reagents can be made water soluble, and the ligaittion can
proceedunderphysiological pH and temperature. The difference between the
reduction and the ligation reactions is that the ligation reaction uses a
diphenylphosphineontaining arene with an estatho to the phosphine
moiety. This arrangement allows for therf@tion of an intermediate az#ide
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that rearranges to form a stable amide. The phosphorus atom remains in the
produd.% This reaction is possibia vivo, but problems arise with the labile
phosphine reagent and thedémof time it takes to react. However, this is not
as much of an issue far vitro protein labelling. A related ligation strategy has
arisen from a reaction based on a copper catalyzed-azeiglene

cycloaddition developed by Huisgefiaple1).2% Although the C{Y catalyzed
reaction is still applicable fan vitro synthesis the Glcatalyst is somewhat
toxic to cells. Formation of théisubstituted 1,2;&iazole is fand in both the
Cu-catalyzed azidalkyne cycloaddition and the cyclooctyne azide addition, a
reaction developed to eliminate the need for copper catalysis for the

cyscloaddition reactionTablel).

Diels-Alder-based cycloaddition reactions have recently been developed
to be water soluble and capable of use in bioconjugation eaac#ttachment
of a diene to a protein followed by cycloaddition of a derivatized maleimide can
allow for attachment of small molecules such as fluorophores or pepliaes (
1).197 All of these reactions have been developed for use under aqueous
conditions, but most require functionality not found in proteins (azides, alkynes,
and aldehydes for example). There are several ristiailable to introduce
these unique functionalities into proteins, or to take advantage of the functional

groups already present in the protein.
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Table 1: A summary of the bioorthogonal reactions discussedvith the associated chemical

mechanisms
Reaction Mechanism
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1.2.7.2. Natural Amino Acid Modifications

In order to accomplish the above bioorthogonal ligation reactions with
proteins it is necessary to introduce the appropriate chemical functionality into
the protein scaffold. There are solutions to incorporate these functionalities, as

well as other functinalities, into proteins: site directed mutations introducing

natural but reactive amino acids, unnatural amino acid incorporation,

recombinant genetic fusion peptides, and enzymatic modifications. Naturally

reactive amino acids, either native to the sagaer generated through

recombinant point mutations, have the ability to decorate a protein with unique
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functionalities. The most common amino acids used for these types of reactions
are cysteine (Cys), lysine (Lys), tyrosine (Tyr), glutamate (Glu), apdrtate

(Asp). Cys is the most frequently utilized for these purposes.

Cys is unique because of its reactive thaoidits generally low
sequenc@bundance. There have been many studies that have introduced a Cys
residue into a protein sequence downstream chemical modificatid!® Such
modifications can bbetweerthe very reactive cysteirtgiol with maleimide
analogs derivatized with a functiality of interest Figure1.5).3! The
maleimide reacts with the thiol of Cys to produce a stable carbon thioether
bord.*'! Lys residues in @teins can also be modified under basic condittéh
The U amino group on Lys can react wit!

bond, or can react with isothiocyaeat®

Figure 1.5: An example of possible cysteinkabelling with maleimide on the surface of Bfr The R
group on maleimide could be fluorescein, nanogold, or biotin for exampl&. Images generated using
Pymol (PDB ID: 1BFR), and ChemSketch

Tyr can be conjugated to diazonium salts, which attettio to the
phenolic group on Tyr to form a disubstituted hydraz{a Tyr can also be
modified by the' -allyl species activated with Hzhsed catalysts to form an
ether linkage with theara hydroxy.'® Glu and Asp can both be modified with
N-(3-dimethylaminopropybN éethylcarbodiimide (EDCjo activate the
carboxylic acid to react with an amine to form an amide pandnteresting
application used EDC to attach alkylamines to ferritin to make ferritin

completely solublén dichloromethaal!’
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At times, modification of natural amino acids does not suit the
application of the particular system due to cross reactivity or multiple activated

residues, and so other methods of conjugation have been developed

1.2.7.3.  Unnatural Amino Acid Substitution

A number of synthetic unnatural amino acid analogs that utilize the
native aminoacyl tRNA synthetase (aaRS)/tRNA pair can be incorporated in a
residuespecific manner into proteins. There are a select number of urinatura
amino acids (Met analogs have been poptiathat can be added to the growth
media of auxotrophic bacterial strains and compete well with the natural amino
acids for incorporation into a protein. The use of atrephic bacterial strains
allows for suppression of synthesis of the particular natural amino acid and
improves analog incorporation levels. Proteins have been labeled successfully in
this way, and it provides a useful alternative to the naturally reagthino
acids by directly introducing functionalities capable of being further modlified
such as the alkyne and azide chemical maiétfe

1.2.7.4. Enzymatic Conjugation
Beyond the scope of more traditional chemical modifcet are the
techniques of enzymatic modification. The advantage with many enzymes is
that they often require a recognition sequence, which makes them much more
specific to a particular location. These enzymes either recognize sequence
motifs or residuesotmodify a protein by adding lipid chains, sugar units, and
other peptides.

One such enzyme, transglutaminase, will catalyze the hydrolysis of
glutamine side chains and, in the presencauiéble aminelonors, transfer
amines onto the side chaintbk glutaminyl residueKigurel.6). Amide
linkages are thus generated under mild conditions, with high specificity,
bet we e-carbdaxdmredefGln and withlowspeciii t y from t he
of Lys. The lowered specificity to the Lys resichees allowedor the

modification ofGIn with functionalized Lys residué$’
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Figure 1.6: The enzymatic mechanism for transglutaminase showing a Gln resid@R) as an acyl

donor to acylate the enzymeT he acyl acceptor(R?Y) enters the active site and becomes acylated by
the enzyme, which conjugates the donor to the acceptor and generatesisopeptide.

1.2.7.5. Non-covalent Affinity Interactions

Non-covalent interactions are a very important aspect in biological
systemspftenpermitting more dynamic interactions that can be controlled.
There are many biological narovalent examples, such as coilzall helix
interactions, DNA cognate pairs, metal coordination, aptamers, and
hydrophobic and electrostatic sticky patekd2* Non-native affinity
interactions can be generated by techniques like phage display, which has been
a tremendous source of short peptide sequences with high difinggotein,
organic and inorganic substrat&’® The addition of thesefnity ligands can
often be through established molecular genetic technajube C or N
terminus of proteins, or as an added loop to proteins with relatie¢?€as

1.3. TheFerritin Superfamily

1.3.1. Sequence Identity

The research in our laboratory has involved the exploration of the
multiprotein complex bacterioferritin (Bfr) frofascherichia col(E. coli) as a
cage protein that is potentially useful in novel nanomaterials development. Bfr
is a spherical cage protezomplex composed of 24 identical protomers. Its
primary function is taxidize F€' and storét as solidFe" (Figure1.7).1?’
Ferritins essentially act as a primitive type of organelle that stores excess iron.
Bfr is a member of the ferritin family of proteins, which inclwdearyotic
ferritin, bacterioferritin, and Dps (DNAinding protein from starved ce)l§®
The amino acid sequence identity between Bfr and other ferritins is less than
20%, but despite the low sequence identity tieeeehigh degree of structural
conservatio.'?° Since the sole function of ferritins is to deposit oxidized iron as

a core, the residues that participate in iron oxidation (called the ferroxidase
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centre) are highly etserved in each ferritin subfamit?® The ferroxidase centre

will be discussed below.
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Figure 1.7: Overview of the structural data on Bfr and theferroxidase centre found on the interior
surface of each protomerT h e  f-lelical budddle of Bfr with the helices labelleds the base
structural unit (A). The heme group is coordinated by twdMet52 residues(B). The functional unit of
Bfr is the dimer and it contains a maximum of a single heme, and two ferroxidase centres (C). The
ferroxidase centre coordinates two iron atoms with 4 Glu, and 2 His residues, and allows for the
reduction of molecular oxygen into water to facilitate the deposition of arrén core from the inner
surface site (D). Images generated using Pymol (PDB ID: 1BFR) and Microsoft Powerpoint.

1.3.2. Ferroxidase Center

Ferritins function as storage molecules for iron in the cells of the
majority of species on Earth because ofdhgentiaheed for iron ircellular
processes, such as in the electron transport chain. Due to the Fenton reaction
and the productionfdvarmful hydroxyl radicals, solubieon levels need to be
controlled 13° All ferritins cortain a dinuclear iron (ferroxidase) center found in
intracsubunits for ferritins and Bfr, or formed by intubunit interactions for
Dps 131:132The ferroxidase centre in Bfr is composed ab ivon binding sites
per subunit, each composed of four glutamate residues (18, 51, 94, 127) two of
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which bridge théwo Fe&* (51, 127), and two histidine residues (54, 130)
(Figure1.7).*3 This centre functions to biridcoming Fé" enteringthrough

pores in the protein shell. Different from the ferritins, bacterioferritin contains a
maximum of twelve heme groups each sandwiched between two adjacent
subunits. The role of heme was, until recently, unknown and few kinetic studies
had been perfoed to better characterize its functiblow, heme has been

shown to be important in core removal, and kinetically irtgyarfor core

formation as well3*

1.3.3. Structural Composition

Ferritin, Bfr, and Dps of the fetim superfamily have highly conserved
tertiary structures, and for ferritin and Bfr, quaternary structures. Ferritins and
Bfr are discussed in two contexts: one is with concern of theé4intact
quaternary) stamattulme ¢a)hwaichisicansiderade di mer
the functional unit of the ferroxidase center. The amino acid length offeach
coli Bfr protomer is 158 amino acids, with a molecular weight (MW) of 18.5
kDa, and the multiprotein complex has a MW of 443.9 kDa. For all three
subfamly members the protomer consists of a squarehleftn d e d- f our U
helical bundle, and in the case of ferritin and Bfr a fifttke@ninal helix is
present. The fifth helix in ferritin and Bfr sits almost perpendicular to the plain
of the helical bundl***The helices are labeled as A through to E, AB being
antiparallel to CD with one large loop connecting helix B to C. Bfr and ferritins
form a 24mer dodecahedron cluster with the same overall symmetry as a cube
(octahedal) with 2-, 3-, and 4fold symmetry Figurel.7). Pores are found at
the 3 and 4fold symmetry axes and thedhannel at the interface between
dimers to facilitateron movement into and out of the interior spdéigre
1.7).1% The Bfr complex is approximately 12 nm in outer diameter, and the
interior cavity is approximately 8 nm in diameter, with an interior volume of
2144 nnd. The Ntermini are situated such that they face the exterior of the

protein cage, and the-€rmini ae situated tdace the interior of the cage
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Each protomer is involved in binding interactions at each of its four
interfaces. Structural experiments have been performed to elucidate the factors
contributing to complex formation focusing on the rolehaf E helix, and
improvements to complex stability. Since Dps lacks the E helix, a study was
reported which attempted to evaluate the importance of-theliE to the
structure of these family members. A swapping experiment was performed
between Bfr and DpsAnalysis of the data indicated that the E helix is essential
for Bfr complex stability, and that it may be important in differentiating the 12
mer and 24mer state*’ There has also been an investigation to impthee
stability of the Bfr complex by mutagenizing Asn residues at one interfacial
water pocket. Removal of this water pocket with either introduction of Phe or
Trp resulted in temperature stability increases for the protein of up to 20°C, and
stability inaeases in guanidinium HCI dependent unfolding by approximately
1M. 138 The temperature stability of Bfr has been determined to be stable up to

approximately 85°C.

One of the major distinctions between Bfr and other ferritin family
proteins is the presence of 12 heme cofactors. A binding pocket exists between
the dimer interface, where a methionine from each protomer coordinates the
heme ironThe propionate groupd beme face the interior of the protein cage
and thus there are 24 propionate groups on the interior. Based on the crystal
structure of. coli Bfr the propionate groupsssociate electrostatically with the
side chain amine on a Lys residue, batfunction has been assigned to this
possible interaction. Heme, until recently, was debated as to its role in ferric
iron core formation. Heme has been shown to not be absolutely required for iron
core formation or for the liberation of free iron from the corac8&ieukaryote
ferritin functions without a heme cofactor, it was hypothesized that heme might
have been a vestigial cofactor, and not important in iron homeostasis. In
addition, heme was demonstrated to not be essential for proper structural
formation eitler. These facts appeared to demote heme to a functionless
cofactor. In more recent papers heme has been assigned a role in the increased

rates of iron core formation in Bf*° In addition to kinetic analysis, striucal
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data fromPseudomonas aeruginosavealed a ferredoxin accessory protein
involved in electron transfer through the heme moiety to the iron core to free
iron 81 It appears that heme is more likely central in tgutation of iron

release and formation of iron cores.

1.4. Motivations for Pursuing Protein Based Nano -devices

The purpose dahe experiments presented in this theseto further
develop the field of selissembling cage proteins as novel biomolecular
platforms for control of hosuest interactions, and for development of
advanced nanomaterials. Proteins are soft materials that form complex
structures and geometric angements through genetic coding. Protein
biochemistry has advanced such that there exists an immense repertoire of
methodologies for monitoring and modifying these systems. Through structural
data, genetic information, chemical bioconjugation, and detsiilety of the
function of proteins, the ability to repurpose or exploit functionalities has seen a
growing number of examples in the literature. The reasons why protein cages
have seen growing interest can be attributed to the nanometer size of the
complexes. This scale remains difficult to control and generate new materials
within. By using the already available proteins, design of new materials or
devices at the nanometer scale is possible because of the exquisite
controllability of protein scaffoldsExamples exist of the development of
delivery vehicles, imaging agents, nanomaterial components, ferries/shuttles,
and nanesized reactors. The continued development of this field is important to
expand leadingdge applications.

Investigationof Bfr entails two main approaches, one is to probe the
limits of its use as a platform for encapsulation (ftpstst interactions), and the
second is to modify the native hem@actor to provide an additional capability
for encapsulation control. By exging Bfr as a highly controllable
nanomaterial one can envisage its usage in the fields of drug delivery and
nanomateriascienceas has been recently demonstrated for other cage protein

systems. Bfr has been chosen because of its more simple quastnetyre
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(identical 24 protomers) and the presence of heme, a potentially novel and

controllable element to this multiprotein syst&*
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2. Chapter 2: Encapsulation Studies

2.1.Introduction

This chapter will outline and discuss the methods for preparation and
purification ofbacterioferritin (Bfr)Jand Bfr mutants used in this research, and
the encapsulation within Bfr of Streptavidin labelled with fluorescein (SF) and
1.8 nm and 5 nm gold nanoparticles (GNP). Sonmestigation on theature of
the assembly of 24mer Bfr with respect to the presehbeme will be

discussed at the end of this chapter.

Four Bfr variants willbe explored in this chapter: wild type (WT) Bfr,
Hexahistidine tagged (Hisg) Bfr, Methionindess (BfrM), and Sagged (S
Bfr). The WT and His@ag Bfr were both used for emsaulation studies. The
His6-tag Bfr contained a hexahistidine tag, which was genetically engineered
onto the Gterminus of Bfr, designed by Dr. Uthaiwan SuttisansaffeEhe G
termini of Bfr face the interiorfahe 24mer, and thus could act as a specific
affinity label for encapsulating guest molecules decorated with nitrilotriacetic
acid (NTA) functionalitiesFigure 2.1). This norcovalentinteraction has a Kd
as low as 10 pM, whicimakes NTAhistidine interactions highly specifié?
Previous work by Dr. Uthaiwan Suttisansaf@dad eplored the
encapsulation of a small molecular dye with an NTA functionality, ProQ®
sapphire 365 oligohistidine stain. The dye was shown to be encapsulated, and
some of the research discussed in this chapter was a continuation of this

previous work.
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Figure 2.1: A nitrilotriacetic acid (NTA) functionality coordinating a nickel at om (red) with two
histidine residues This affinity interaction was utilized for encapsulation of two khrge guest
molecules within Bfr.

The main topics of this chapter revolve around encapsulation ef non
native guest molecules within Bfr. In addition to this main theme, auxiliary
projects were pursued to develop Bfr as a bionanomaterial. One such project
was the generation ofraethionineless mutant construct, BfrM. BfrM had five
of the seven methionines mutated to lysine. The two methionine residues left
were the initiator methionine, and the heme coordinating methionine TH&2.
construct required that a total of five mutatide made: M31L, M86L, M119L,
M120L, and M144L. The molecular weight of BfrM was calculated as 19470
Da; higher than WT Bfr molecular weight because it also contained a
hexahistidine tag on the-terminus. This construct was made for the purpose of
introducing unnatural methionine analogs into Bfr. With only the heme iron
coordinating methionine remaining, methionine substitutions could be made to
modulate heme electrochemistry. By modulating the electronic environment
around the heme iron with methioniaealogs the heme redox potential may be
fine-tuned to alternative values. This type of electrochemical modification was
performedn a previous studysing methionine analogs to modulate the redox

potential of a C& metal centre in an azurin protéeff.

The second construct made waBf§ which was an Nerminal
extension of His@ag Bfr. The Nterminus can be viewed in crystal structures as
lying on the exterior face of the 24mer Bfr structtfféThe Stag is derived
from RNase A, which is composed ofpfotein and S$eptide, both of which
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are necessary for the function of RNas&#Residues 415 of the Speptide

have been determideas thaninimum length necessafgr function of RNase

A; these 15 residues are thegg. The Sag has been shown to not interfere
with folding of host proteinandthe dissociation constant betweeta§ and
proteinS can be regulated by mutagenizihg Stag at specific location'¢>146

In addition to this feature, which could be of future benefit to affinity
purification studies, bpdding the Sag to the Nterminus it was hypothesized
that theGIn on the Sag would be more exposed than native GIn residues, and
better suited for labelling by a transglutaminase. Transglutaminases form an
epsilon(gammaglutamyl}lysine cross linkage through proteins, and are
regularly used in the food industrg a crosslinking agent in meat processftig.

It has also been demonstrated that transglutaminadelzrGIn residuewith
unnatural donor molecules modified with other chemical functionatitfedé®It

had previously been shown that addition of aagto a protein couloihprove
cross linking by microbial transglutaminase (MTG) fr@tneptomyces
mobaraensi$>® S-tagcontains both lysine and glutamine, the native substrates
for transglutaminases, which afforded the opportunity to use both of these
amino acids as separate, and specific labelling points on the surBire Tfis

strategy will be further described achapter 4

The encapsulatiostudies exploretivo types of guest molecules: SF,
and two sizes of GNPs. S¥as a commercially available fluoresceritdpelled
streptavidin Appendix 2), which is a tetrameric protein of the avidin family of
proteins taken from the bacteriustreptomyces avidint?? Streptavidin was
chosen as a guest protein to probe the capabiitiB& to encapsulatdarge
multimeric proteins andto developthe methodologies to encapsulate complex
biological guestsStreptavidin has an approximate size & Bm°2 which is
largewhen compared to tHenm interior diameter VT Bfr. Streptavidin has
one of the highest known narovalent association constants with its native
ligand, biotin, Kd of 10* M.%3 Streptavidin isalso a weHstudiedprotein in
molecubr biology and in biotechnology, and was an ideal choice as a biological

guest. Aderivatized biotin wassed in this research with an NTA functionality
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synthesized onto the carboxylic acid on biotin. Thus, bi¥tTA was the
mediator between the high ity interaction with streptavidin and the NTA
metal dependant interaction with the hexahistidine tag found on Bfr. Three
methods would batilized to confirm the encapsulation of the SF guatiin
the host Bfr: chromatography, fluorescence quenchimgjfransmission

electron microscopy (TEM).

Fluorescence quenching was used to confirm encapsulation by
determining whether or not the fluorophore on streptavidin was protected by the
protein shell of the host Bfr. This would be accomplished by titratirzg
guenching molecule to the free and encapsulated SF and monitoring the change
in fluorescence. This methodology was not unlike other experiments that have

monitored tryptophan exposure in proteins with quenchihg.

In addition to fluorescence measurements, TEM was pursued to
characterize encapsulated SF. The methodology employed was negative staining
of the samples in a heavy atom st&fThe negative stain does not sfieailly
associate with proteins, it merely creates a layer in which protein can embed
itself. Some of the stain is displaced by the protein, which generates contrast,
and thus features can be distinguished. As is known of the ferritin family of
proteins, he structures contain pores that are requisite for their native function
as iron storage units. The pores are large enough to allow the passage of atoms
and small molecules to the interior, and by the same means atomic stains may
also pass to the interieplume of Bfr>® From this, it was hypothesized that
determining the presence of encapsulated proteins within Bfr coddrize
with approaches utilizingegatively stained TEM. If there was a guest
consisting of lightatoms in the interior of Bfr it would exclude stain from the
interior void, and this absence of stain could be visualized. TEM would be used
for the determination of encapsulated GNP as well. Encapsulated GNP would
be visualized clearly with TEM since tkentrast between the highly electron

dense GNP and the less electron dense protein would be high. Since the GNP
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was not fluorescent, this would be a highly revealing method to verify

encapsulation of GNP within Bfr other than chromatography.

Nanoparticles have been gaining interest in many fields. There has been
particular interest in GNPs for their use in nanotechnology because of their
biocompatibility, localized surface plasmon resonance properties, and optical
propeties!®"1*Not only GNPs, but other nanoparticles have very interesting
optical and catalytic properties that may be utilized in the development of
optical probes or nan@actors. By providig a unique environment for these
nanoparticles within protein shells, like Bfr, they are protected from
environmental contaminangmd reaction, and the internal environment can be
specifically controlled while the exterior of the Bfr host could be madiifte
direct this type of probe to various cellular or synthetic surf&yestudying
GNPs they may serve as a benchmark for the encapsulation of other

nanoparticles, such as quantum dots.
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In addition to the development of Bfr as a nqut@tform, insight into the
selfassembly characteristics of Bfr were explored. The mechanism of assembly
from subunits to a fully formed 24mer in ferritirssstill not a completely
understood processhere are two clear states known, the dimer and the 24mer
state, but intermediates between these two are uncharactéfi@&ome
differential scanning calorimetry studies have been performddratins, but
only on individual units rather than full complexX&8There seems to be an
inherent equilibrium between the dimer and 24mer state, which is observed as
two well separated protein peaks when purstfieris run on size exclusion
columns. Some researchers have explored directedgenesis witBfr to
define important interfacial residues and improve resistance to temperature and
pH changes®”161162These studies have focused largely on the role of
interfacial residues and the e helix, but not of the role of heme in Bfr.
Understanding the phenomenon of sedembly is of importance because it
will allow researcherto control the states that multimeric proteins occupy. For
instance, ferritin has an equilibrium between dimer and 24mer. If one could
force the equilibrium towards dimer formation, when desired, and then trigger
complex formation then this would lend mudiore control to the system. Such
a technique would be of great interest for studies of encapsulation, since they
would no longer require harsh chemical or physical disruption to modulate the

presence of certain assembly states.

2.2.Materials and Methods

2.2.1. Materials

Streptavidin FITC (Life Technologies, Frederick, MD, USA), dabsyl
chloride (SigmaAldrich, Bellefonte, Pennsylvania, USA), BiotkiNTA
(AnaSpec, Fermont, CA, USA)ack Hole Quencher® 10 (BHQ®O0;
BiosearchTechnologies, Novato, CA, USAand NiNTA-Nanogold™
(Nanoprobes, Yaphank, NY, USA) used for encapsulation studies. Fermvar
Carbon 400 mesh, Cu Grids (CanerMarivac, Gore, QC, Canada), Molybdic
acid ((NHy)sM07024) (SigmaAldrich, Saint Louis, MO, USA)Phosphotungstic
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acid (HsPW12040) (SigmaAldrich, Saint Louis, MO, USH and Uranyl acetate
(UO2(CH3COOY)) (generously donated by Dale Weber of the department of
Biology in the University of Waterloo) for TEM. Plasmids (Novogen,
Mississauga, ON, Canada), and primers (Siggeaosys, Oakville, ON,

Canada) were used for genetic wolK.buffers were made with MilkQ™

water with a resistivity of 18 MYTcm ar

0.45 pm cutoff.

2.2.2. Safety Statement

All bacterial samples were handled in accordance to level 1 safety
laboratory facilities. After use, all bacterial samples were bleached or
autoclaved to sterilize the media before disposal. All uranyl acetate used with
TEM was disposed of properly through the waste management facility. The
safety of the experimenters anthets was of the utmost importance throughout

experimentation.

2.2.3. Purification of Bfr and Bfr mutants

The Bfr genes on selectively inducible vectors were transformed into
and overexpressed i coliBL21 cells using standard expression techniques.
In brief, a pET22b vector was used to express WT and Hi#gpBfr, whereas a
pPET-29b vector was used for theB#r expression, and a p&G&.a vector for
BfrM expression. All vectors contained the lac opewanich was used to
induce expression of Bfr with the addition of lidgdpropylb-D-1-
thiogalactopyranosid@PTG) to a final concentration of 1 mM in 1.5 L of
media while cells were in mibg phase growth. Cells were harvested using a
Beckmann JA10 cenftige at 5000 rpm for 20 minuteBellets were collected
and resuspended in 20 ml of 50 mM Tris 100 mM NacCl buffer at pH 8.0. The
re-suspended cells were homogenized on an Avestin Emulsifiex
(Mannheim, Germany) at a pressure of 17000 psi, and thenfuged at 15000
rpm in a Beckmann JA25.5 rotor for 20 minutes. Supernatant was collected and
heat shocked at 70 °C for 10 minutes and then left to cool to room temperature.
This was again centrifuged using a Beckmann JA25.5 rotor at 15000 rpm for 20
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minutes. The supernatant was collected to be further purified using

chromatographic techniques.

Purification of WT Bfr was performed using anion exchange and size
exclusion resins. Bio-Rad UnoQ1™ anion exchange resiwhich had a resin
volume of 1.3 ml, ath a binding capacity of 180 mg/ml. The column was run
with an equilibration buffer of 50 mM Tris, 100 mM NaCl at pH 8.0, and
elution buffer of 50 mM Tris, 2M NaCl at pH 8.0. Fractions were analfaed
thepresence of WT Bfr using a 15% SIPAGE gel, andrhctions containing
WT Bfr were pooled and concentrated usinghamcon concentrator with a 10
kDa cut off. WT Bfr was then ruon aGE Sephacry™ S-400HR size
exclusion column with a resin bed of 402.2 ml. The flow rate was 0.5 ml/min
and fractions wereollected every minutd=ractionswere analyzed using a 15%
SDSPAGE gel and fractions containing pure VEIr were pooled and
concentrated, as before. If the ratio of 260/280 was above 1.0 therRadio
type Il ceramic hydroxyapatite® column was usedgjpasate contaminating
DNA from WT Bfr. The equilibration buffer used was 10 npdtassium
phosphate dibasic buffer at pH 6.8, and 400 pdvassiunphosphate dibasic
buffer at pH 6.8 was used as an elution buffer. Fractions were examined on a
15% SDSPAGE gé, and fractions containing pure WT Bfr lacking DNA were
pooled, as before. WT Bfr was analyzed with MS. An electrospray ionization
guadrupole time of flight mass spectrometer (Waters, Micromass Masslynx)

was used to analyze the mass of protein samples.

His6-tag Bfr, BfrM, and SBfr all contained hiséags, and were all
purified using the same methods. Hia§ containing Bfr was purified using a 1
ml GE HisTrapM affinity column. Equilibration and elution buffers weie
mM Tris, 100mM NaCl, and 20 mM iidazole at pH 8.0, and 58M Tris,
100mMNacCl, and 300 mM imidazole at pH 8.0, respectively. Elute was
analyzed on 15% SDBAGE gels. Fractions were pooled and concentrated on
anAmiconwith a MW cutoff of 10 kDa. His6tag containing Bfr were

confirmed byMS, as before.
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His6-tag and WT Bfr were reconstituted fully with heme. The insertion
method was followed from previous reporting on heme reconstitution into
Bfr®3. Hemin was suspended in a solution of 0.1 M Na@rhake a 10 mM
solution of hemin. This was diluted with 0.2 M MES buffer at pH 6.5 to a final
concentration of 1.5 mM hemin. This solution was then added to Bfr in excess
of two equivalents at 80 °C in 0.2 M MES, 1M NacCl buffer at pH 6.5 for 10
minutes,and then left to cool to 23°C. Bfr was run on a &fphadeX’ G-25
Fine desalting column with 50 mM Tris, 100 mM NaCl buffer at pH 8.0 to

remove free hemin and MES buffer.

2.2.4. Encapsulation ofSFand GNP

A molar equivalent of SF0.1 mg, 1.89x18 mol) waspre-incubated
with biotin-XNTA (0.021mg, 2.93x1®mol, 8.0 equiv.and nickel sulfate
(4.5x10%, 2.93x1& mol, 8.0 equiv.) in 50 mM Tris, 100 mM NaCl buffer at
pH 8.0 forl0 min at 23 °CSF preincubated with biotilXNTA and nickel
sulfatewasadded o Bfr (1.89x10° mol, 1.0 equiv.) in 8 M GndHCI buffered
with 50 mM Tris, 100 mM NacCl at pH 8.0 for 90 minutgs °C This was then
dialyzed against L of 50 mM Tris 200 mM NacCl buffer at pH 8.0 for 24
hours.The sample was concentrated with a Pall Idep® spin column with a
10 kDa cut off to a volume of 05 ml. Free SF was separated from
encapsulated SF using a GEphacry™ S-300HR resinvoid volume of 99.05
ml, running with a flow rate of 0.5 ml/min collecting fraction volumes of 0.5
ml. The runing buffer was the same as the dialysis buffer. The first peak was
collected and concentrated to 1 ml as before.

The 1.8 nm GNP (1.0x10mol) was premixed with nickel sulfate
(1.0x107 mol, 100 equiv.) in 5M Tris, 100 mM NacCl buffer at pH 8.0 fa0
minutes at 23 °CPreincubated 1.8 nm GNP mixed with nickel sulfate was
stirred in with Bfr (0.5 mg, 1.0xI®mol, 1 equiv.) in 8 M GndHCI for 90
minutes and then dialyzed into 4 L of B0 Tris, 1@ mM NacCl buffer at pH
8.0 for 24 hours at 8C. Thiswas purified in the same manner as described for

encapsulated SF.
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The 5 nm GNR1.0x10*mol) was preincubated with nickel sulfate
(2.0x108 mol, 200 equiv.)n 50 mM Tris, 100 mM NacCl buffer at pH 8.0 for 10
minutes at 23 °CRPreincubatecs nm GNP wasnixed with Bfr(0.1 mg, 2x13°
mol, 2 equiv.)at 70 °C for 90 minutes. After 90 minujéise solution was left to
cod to 23 °C. The sample wamirified in the same manner as described for

encapsulate@F.

2.2.5. Quenching Experiments

Quenching agents weredide, Dabsylglutamate, and BHQ®&0.
Dabsytlglutamate was prepared from Dabg}lfollowing a previously reported
proceduré®. Syntheis was monitored by M8gpendix 1). The stock solutions
of iodide, Dabsyglutamate, and BE®-10 utilized were 0.1 M, 0.27 mM, and
0.4mM, respectively. Each of these quenchers was titrated into a small volume
cuvette(Hellma4 5 weith Q.3 cm path lengtim one or two microliter volume
incrementsAfter addition of thequencher, theolution was vigorously mixed
to ensure homogenous distribution of quencher. The emission scan was
recorded over a range of 56680 nm with aiked excitation wavelength of 495
nm. Slit widths for incoming and emission light were set to 1 Alin.
fluorescence quenching experiments were performed on a PTI fluorimeter A
1010B. Additional components attached were a-PR8B lamp power supply,
a SG500 shutter control, ME5020 motor driver, and 814 photomultiplier
detection system using a maximum excitation wavelength determined from the

excitation spectrum.

2.2.6. TEM Preparation and Imaging

Transmission electron microscopy was performed on a CM10 Philips
microscope modified with an Advanced Microscopy Techniques image
capturing CCD camera. The accelerating potential was set to 100 keV for
imaging in bright field modePreparation for TEM imaging for both
encapswuted SF and GNP was performed ustog mestcopper grids with a
carbonformvar coating. Two negative stains were used to generatemiest

needed to visualizerotein Molybdic acid ((NH)sM07024), and Uranyl acetate
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(UO2(CH3COO)). Molybdic acid,uranylacetate, and phosphotungstic acid
(H3PW12040) stains were prepared and used as bhdif9o and 0.5 %

solutiors 1°>1®*Encapsulated Bfr samples were prepared to a concentration of
approximately 0.1 mg/ml, and buffered exchanged irdatewusing a spin

column to remove unwanted salts. Grids
sample droplet, two 20 ¢l droplets of
Parafilm®. Using ultrine tweezers, the grid was placed on top of the sample
droplet for oneminute. The grid was then removed, dabbed with a piece of
Whatmann No 1 paper such that almost all of the liquid was removed except for

a thin glassy layer of solution coating the grid. This was then washed by placing

in two the two subsequent water drefglas in the previous step without the

minute wait time. The final step was to dip the grid onto the stain solution and
then dab away excess stain until a thin glassy layer of solution was left on the

grid. This was left, covered, at room temperaturerydar 24 hours.

2.2.7. MS Preparation and Operation

All protein samples were buffexchanged for water using Pall
Nanosep® 10 kDa cuiff spin columns and then diluted to a final concentration
of 1-5 uM in a 50yl solution of 1:1 water:MeCN with 0.2% formic dci
Protein samples were run on a Waters Micromass MassLynx nanospray
electrospray ionization quadrupole time of flight (E3ToF) mass
spectrometer. Spectrum was collected betweer2B00 m/z, and the protein
mass was deconvoluted using the supplied M&dBviassLynx software.
Native MS was attempted with protein suspended in 20 mM ammonium acetate
pH 7.0, as previously reporté®:*¢’The collision energy and cone voltage were
lowered to 10 eV and.0 V, and sample in ammonium acetate was directly
injected into the mass spectrometer. A Thermo Scientiiexgctived™ was
used when the QToF was down. The samples were prepared in the same

fashion, except rsuspended in 1:1 water:MeOH with 0.1% formic acid.
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2.2.8. EMAN2 Image Processing

Images were imported into the EMAN2 workflow GUI to appropriately
prepare particles for analy§{& The methodology used was based on the
several tutorials on the EMAN2 wiki, but the general procedure will be outlined
here. In general, EMAN2 was used in a more rudimentary fashiorganize
and obtain many images and to utilize the averaging features. It was not
intended to be used as a means to generate 3D reconstructions, as it is more
frequently used in cryogenic electron microscopy. TEM images were imported
with the correct aaderating voltage of 100 kV, molecular weight of 440 kDa,
A/pixel, and microscope Cs values. Single particles were selected using the
Ai nteractive boxingo function. The apprt
on the number of pixels that made up the ditanof the particles. An
appropriate size was chosen to allow significant background to be included to
accommodate the processing functions. Box sizes were based on the list of
appropriate sizes on the EMAN2 wiki. These stacks of images were saved as
bdbfiles for further processing. Stacks were iteratively run through the
Aaut omated fittingo, Ainteractive tuni:
functions until the defocus andf@ctor matched well. Typically this took two
or three iterations due to th@wer resolution of the negatively stained images.
These stacks were opened in the ABuil d
i mages. fABad particlesodo were manuall vy
particleso wer e ar bhincamplete, or bficentteirhagese d a s
that would likely be detrimental to the final reconstruction. Finally, the
fgenerate classes functiono was execut
average. Here the phase flippeol data was chosen for the reconstarctihe
class number was set to 10, antiBrefinement iterations were performed.

Again, more information is available on the EMAN2 wifd.
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2.3.Results and Discussion

2.3.1. WT Purification

All of the Bfr proteins were expressed and purified in the Honek
laboratory.The genes for WT andigb-tagBfr were peviously generated by
Dr. Uthaiwan Suttisansanee in the Honek laborat®rin brief, the WT Bfr
gene was inserted into a pET 22b vector udldg andBanH]I cut sites, and
was transformed into aa. coliBL21 cell line for over expreson. The pET 22b
vector contained the Lac operon, which allowed for the use of IPTG to induce
overexpression of desired proteins. Before expression, WT Bfr was sent for
sequencing to confirm the sequentalfle2). After cell lysis steps the protein

was purified using two or three column types.
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Table 2: Sequencing results for thaNT Bfr, His6-tag Bfr, BfrM, and S-Bfr. The gene ishighlighted
in bolded, and the associated protein translationgre shown below in italics with the methionine
residues highlighted in bold.

WT Bfr

NNNNNgNNcgtaNcaTTcCnCTCTaganaTAATTTTGTTtaACTTTAAGAAG G AGSRMEERTGAT
ACTAAAGTTATAAATTATCTCAACAAACTGTTGGGAAATGAGCTTGTCGCAATCAATCAGT!
GCCCGAATGTTTAAAAACTGGGGTCTCAAACGTCTCAATGATGTGGAGTATCATGAATCC!
GAAACACGCCGATCGTTATATTGAGCGCATTCTTTTTCTGGAAGGTCTTCCAAACTTACAG
ACTGAACATTGGTGAAGATGTTGAGEAWGCGTTCTGATCTGGCACTTGAGCTGGATGGC!
AATTTGCGTGAGGCAATTGGTTATGCCGATAGCGTTCATGATTACGTCAGCCGCGATATG]
TTTGCGTGATGAAGAAGGCCATATCGACTGGCTGGAAACGGAACTTGATCTGATTCAGAA
CAAAATTATCTGCAAGCACAGATCCGCGAAGAABEATIGEGAATTCGAGCTCCGTCGACAA
CG&CGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGA
TGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTC
GCT
MKGDTKVINYLNKLLGNELVAINQYWEKARVGLKRLNDVEYHBSKPADRYIERILFLEGLPNLQL
LNIGEDVBE RSDLALELDGAKNLREAIGHALYS/ SRIM [EILRDEEGHIDWLETELIMGRONYLQ
AQIREEG

His6-tag
Bfr

NNNatgNGNcGtaNcNATTCCCCTCTAgANaTAATTTTGTTtaACTTTAAGAAGGAGAAARBCAT]
GATACTAAAGTTATAAATTATCTCAACAAACTGTTGGGAAATGAGCTTGTCGCAATCAATCH
CATGCCCGAATGTTTAAAAACTGGGGTCTCAAACGTCTCAATGATGTGGAGTATCATGAAT
GATGAAACACGCCGATCGTTATATTGAGCGCATTCTTTTTCTGGAAGGTCTTCCAAACTTA
CAAACTGAACATTGGTGAAGATGTTGAGGBRBCGTTCTGATCTGGCACTTGAGCTGGATG
AAGAATTTGCGTGAGGCAATTGGTTATGCCGATAGCGTTCATGATTACGTCAGCCGCGAT,
AATTTTGCGTGATGAAGAAGGCCATATCGACTGGCTGGAAACGGAACTTGATCTGATTCA(
CTGCAAAATTATCTGCAAGCACAGATCCGCGAAGAAGGTCTCGAGCACCACCACGATCA(
GGCTGIAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTA
TGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATT
GCGCC

MKGDTKVINYLNKLLGNELVAINQYHAEHAR/GLKRLNDVEYHBSKBEADRY IERILFLEGLPNLQL
LNIGEDVBH RSDLALELDGAKNLREAIGY BYSSRIM IEILRDEEGHIDWLETELDAGIQNYLQ
AQIREEGLEHHHHHH

BfrM

NNNNNNNNNNNNNNatTCCCCTCTAgaataATTTTGTTTAACTTTAAgaAGGABAAARGATGA(
ACGAAAGTCATTAACTATCTGAACAAACTGCTGGGCAACGAACTGGTCGCCATCAATCAA
GCACGCCTGTTTAAAAACTGGGGCCTGAAACGTCTGAATGATGTCGAATACCATGAAAGT]
GAAACACGCCGACCGTTACATTGAACGCATCCTGTTCCTGGAAGGTCTGCCGAACCTGCH
AACTGAATATTGGTGAAGACGTTGAAGARAGCGTAGCGATCTGGCACTGGAACTGGACGG
AAACCTGCGCGAAGCGATCGGTTATGCCGATAGCGTGCATGACTACGTTTCTCGTGATCT
CCTGCGCGATGAAGAAGGCCACATTGACTGGCTGGAAACCGAACTGGACCTGATCCAAA]
CAAAACTACCTGCAAGCACAAATCCGTGAAGAAGGCCTCGAGCACCACCACGHITAGLI(
TGOAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGC
GGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGANGAACTATATCCGGATTGG(
GCCCTGTAGCGGCNCATTAAGCGCGGCGGGTGTGGTGGTNACNCGCAGCGTGACNGCT]
GCCNTANCGNNNGCN
MKGDTKVINYLNKLLGNELVAINQREEKNWGLKRLNDVEYHEHKBEDRYIERILFLEGLPNLQDI|
NIGEDVEELLRSDLALELDGAKNLREAIGYADSVHDYVSRDLLIEILRDEEGHIDWLETELDLIQJ
EGLEHHHHHH

SBfr

ATAATTTTGTTTAACTTTAAGAAGGAGATATBRAAGAAACCGCTGCTGCTAAATTCGAACG(
ACATGGACAGCCCAGATCTACATATGAAAGGTGATATAAAAATTATCTCAACAAACTGTTG
AATGAGCTTGTCGCAATCAATCAGTACTTTCTCCATGCCCGAATGTTTAAAAACTGGGGTC
AATGATGTGGAGTATCATGAATCCATTGATGAGATGAAACACGCCGATCGTTATATTGAG(C
CTGGAAGGTCTTCCAAACTTACAGGACCTGGGCAAACTGAACATTGGTGAAGATGTTGAG
GTTCTGATGGCACTTGAGCTGGATGGCGCGAAGAATTTGCGTGAGGCAATTGGTTATGC(
CATGATTACGTCAGCCGCGATATGATGATAGAAATTTTGCGTGATGAAGAAGGCCATATC(
AACGGAACTTGATCTGATTCAGAAGATGGGCCTGCAAAATTATCTGCAAGCACAGATCCG
CTCGAGCACCACCACCACCAC@HMOTEIGGCTG

MKETAAAKFERRQBSPDLMKGDTKVINYLNKLLGNELVAINQYWEKAR/GLKRLNDVEYHBESIKDH
HADRYIERILFLEGLPNLQDLGKLNIGERSPEALELDGAKNLREAIGYADSVHRIVNMSRRDEEGH
DWLETELDLIRIKLONYLQAQIREEGLEHHHHHH
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Originally, WT Bfr was purified using an anion exchange column and a
sizeexclusion column, but this was later adapted to an anion exchange column
and a hydroxyapatite column. The anion exchange column used was a Bio Rad
Uno™-Q1 column. To this column, volumes of supernatant from the
homogenized cells were injected at 1 ml @ments. Fractions were then
examined on an SBDBAGE gel to determine the purity of the protdtigUre
2.2). Bfr protein was observed in both the flthvough and the eluted fractions.
Only the eluted fractions were collected since there was less contamination.
These fractions were collected and concentrated using an Amicon stirred cell
pressure concentrator with a Millipore Ultrafiltration membrané aitlO0 kDa
cut off. This collected protein was loaded onto a GE SepHdc8#00 HR
column. These fractions were analyzed with SEXS5E to examine the purity
of the WT Bfr Figure2.3). The R for the 24mer and dimer peaks on this
column were 0.88 and 0.73, respectively, with a void volume of 253.68 ml.
There appeared to be fractions that contained pure WT Bfr protein. These
fractions were concentrated as before, #ueth the correct molecular weight of
18495 Da was determined with the use of an@B0OF mass spectrometer
(Figure2.4). The deconvoluted spectrum revealed a pedk aviholecular
weight of 18494 Da, whereas the calculated weight was 18495 Da. Deviation of
a single mass unit can be expected in lower resolution mass spectrometry. In
addition to purifying WT Bfr, réncorporation of heme into Bfr was performed.
As is dizussed below, heme was expected to be favourable in promoting the
formationof the 24merThe heme was reconstituted back into Bfr using a

previously derived method, and subsequenslyd forencapsulation studié&?

a7



IS B Fractions

Rack Pos.: oy B
Tube # 1 4681013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76

2. .00
T 100% Bufler
174 F17s
1.5 F150
124 F125
10§ 500 F1.00
0.7 Fo7s
0.59 050

0.29 ¥*u 25
0.0460 P e 0.00
-0.2% F-025
T T T T
0.00 5.00 1000
AU Min.Tenth AL

Figure 2.2: SDSPAGE of WT Bfr fractions (A) from a Bio-Rad Uno™-Q anion exchange resir{B).
The lanes listed from left to rightwere fractions 6B, 8B, 25B, 26B, 33B, and the Precision Plus
Protein™ ladder from Bio-Rad. The largest lands above the 15 kDa marker were WT Bfr
Fractions from and between lanes 3, 4nd 5were pooled and concentrated for the next step
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Figure 2.3: SDSPAGE of WT Bfr (A) fractions from a GE Sephaclyl™ S-300 HR sizeexclusion
chromatography, which had three samples injected sequentialliB). Lanes from left to right were
Bio-Rad Procession Plus Proteil ladder, fractions 63A, 70A, 77A, 85A, 89A, 2B, 7B, 16B, 20B, and
27B. Fractions from 77A to 85A(volumes 156210 ml, 330370 ml, and 486530ml) were collected

and analysed with MS.
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Figure 2.4: Mass spectrum of WT Bfr obtained from a Waters Micromass nanospray ESQTOF.
The raw spectrum (A) showed a Gaussian distribution of multiply charged WT Bfr. The processed
spectrum (B) was deconvoluted using the MaxEnt 1 tool supplied with the MassLynx software. The
deconvoluted mass was measured as 18494 Da, one mass unit afi@torrect mass of 18495 Da.
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After a series of WT Bfr purifications, an increasing nucleotide
contaminantvas observedlhe nucleotide contaminant was identified by a high
260/280 ratio of 1.60, and a fluorescent band was visible when running an
agarse gel Figure2.5).To remedy this issue, several attempts were made to
remove this contaminant by filtration. After dialysis for over 24 hours, and
buffer exchangingvith an Amicon concentrator with 500 ml of fresh buffer the
260/280 ratio remained the same. Use of a third column was entertained to try
and selectively bind either the nucleotide or the protein. ARg&id CHTM
ceramic hydroxyapatite type Il resin wased, which was reported to bind
DNA. The nucleotide contaminated WT Bfr from the size exclusion
Sephacry™ S-300 HR column was used to test the hydroxyapatite column.
Fractions were examined on SIPAGE, and then on ES)TOF MS to
determine the mass of WBTr (Figure2.6). It was determined that the protein
was pure and absent of nucleotide contamination by the low 260/280 ratio of
1.03. In subsequent purifications\WWIT Bfr the size exclusion step was
removed entirely, and only the anion exchange column and hydroxyapatite
columns were used. This greatly reduced the preparation and run time for

purification. The origin of the nucleotide contaminant was not investigated

Figure 2.5: Agarose gel of a purified WT Bfr protein prep showing nucleotide contaminationLanes
from left to right were the contaminated WT Bfr sample, 1kbpFermentas GeneRule™, and 100 Bp
Fermentas GeneRuleV.
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Figure 2.6: SDSPAGE of WT Bfr (A) fractions from a Bio-Rad CHT™ ceramic hydroxyapatite

type Il resin (B). Lanes from left to right, were pure His6-tag Bfr, fractions 54A, 68A, 73A, 74A,
pure His6-tag Bfr, and Bio-Rad Procession Plus Proteili! ladder. Fractions from lanes 4 and 5 were
collected and analyzed with MS.
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3.3.2. SBfr Purification

The SBfr construct was designed for the purposes of labelling the
exterior of Bfr. SBfr was designed with antag on the Nlerminus, which
faces the exterior surface. By making thigedminalextension, &lIn residue
on the tag woultbecome externally exposedwas hypothesized that this Gin
would be available for enzymatic labelling with a transglutaminase (TGase). In
order to generate antdg onto Hiséag Bfr Anthony Petrie, of the Honek
laboratory, @signed primers to addBglll cut site at the Nerminus of Bfr. A
Bglll cut site would enable the correct;frame, placement of the Higég Bfr
gene into a pET29b vector containing atteminal Stag. In addition to the-S
tag, a Hisetag was kept othe Gterminus to simplify downstream purification
procedures. In order to generate this cut site a point mutation was made
upstream of the original initiator codon, and in consequence four additional
residues, PDLH, were added after tha§. In total, here were 20 amino acids
added, which increased the molecular weight to 21884 Da. Anthony Petrie made
this mutation and prepared the gene in a pET29b vector. The correct gene was
confirmed by Anthony Petrie through sequencing of the plasmid. This was
trangormed intoE. coliBL21 cells and expressed, as before, using IPTG. Cells
were lysed and the supernatant treated with a 70 °C heat shock step, which S
Bfr stable to. SBfr was purified using a GE HisTrd column, using the same
method as the Histg Bfrpurification procedure. This resulted in purf
protein, which was concentrated and analyzed or@SBitrap MS to confirm
the correct mass. A single mass of 21883.6 kDa was observed, signifying the
expression and purification of the correct prot&iiggre2.7). Fragmentation of
S-Bfr was observed after leaving a solution eBf at 4 °C for a week. It was
suspected that the fragmentation was a result of agraoent of contaminant
protease. Two protease inhibitors were examined by a student under my
supervision, Hawa Gyamfi of the Honek laboratory. The inhibitors were
ethylenediaminetetraacetic acid (EDTA), and phenylmethanesulfonyl fluoride
(PMSF), tp deternmi if there was either a metalloprotease, or serine protease,

respectively. The concentrations used were 1 mM and 5 mM for EDTA and
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PMSF, respectively. After incubating at room temperature, 23 °C, for five days
the inhibitorless control showed fragmentatisimilar to SBfr with PMSF
inhibitor. BfrM with EDTA lacked fragmentation, which indicated that it was
likely a metalloproteasd=(gure2.8).

21883717 Wi

21053.264

212452

%8 3508 B4

Figure 2.7: MS of purified S-Bfr from a GE HisTrap ™ column using a Thermo Scientific Q
Exactive™. The raw spectrum (A)was deconvoluted B) and revealed a mass of 21883.7 Da, which
was close to the calculated mass of 21884€a. The elution profile from a GE HisTrap™ column
was similar to that seen with Hs6-tag Bfr elution (C).
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Figure 2.8: MS of S-Bfr with PMSF and EDTA protease inhibitors. An inhibitor -less control (A),
along with two inhibitors: PMSF (B), and EDTA (C) wereused It was observed after a week of
incubation at 23 °C that the control and PMSF trial showed a high level of fragmentation, whereas
the EDTA trial showed no fragmentation, ascan be observed by analysis of the deconvoluted
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3.3.3. Streptavidin Encapsulation within Bfr

Initial conditions for encapsulatiasf SF were explored by monitoring
the ratio of peaks on size exclusion chromatography. The peak ratio was based
on the measured absorbance value at 495 nm, which was the absogptiora
for SF, of the eluted peaks on a GE Sephddr$t300 HR size exclusion
col umn. Free SF would elute where the ¢
after an encapsulation trial, which corresponded to unsuccessfully encapsulated
SF. The first peak, tmefore, should have corresponded to the encapsulated SF,
which eluted at the same time point as 24mer Bfr. By dividing the first peak by
the second the peak ratio was obtained, which was used as an indicator for the
amount of SF that was encapsulated witBfr. Two conditions were explored
when encapsulating SF: the effect of the ratio of Hggpto WT Bfr, and the
concentration of guanidine hydrochloride (GndHCI). Since the tag ontbiis6
Bfr was facing the interior it was likely that this would deceethee inner
diameter, as shown previously in computer simulatiéhBy modulating the
ratio between WT and Hisfag, it was possible to optimize encapsulation
conditions, trading off between crowding and tlienber of affinity
interactions. Upon declustering of the sedsembled units, it would be possible
to generate a hybrid of WT and Hitfig Bfr upon reformation of the cage

structure.

SF encapsulation was analyzed with varying ratios of-tiggoWT
Bfr, whichwere separated on a GE Sephdéhg-300 HR columnFigure2.9).
The R of the first and second peak were 0.47 and 0.70, respectively, with a void
volume of 9.05 ml. There was a subtle difference between the 80/20, 60/40,
and 50/50 mixtures of His&g/WT, with peak ratios of 0.76, 0.80, and 0.81,
respectively. Although the 80/20 and 50/50 were very similar in the ratie of
elutedpeaks 60/40 was chosersdhe ideal ratio. The encapsulated SF peak
ratios for 40/60 and 20/80 Hig6g/WT were 0.63 and 0.54, respectively. A
control was also run with SF and Hisfyy Bfr, which did not contain any

biotin-XNTA. It was observed in this control that only a singéak eluted from
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the GE Sephacr{)f' S-300 HR column at the same time as free SF and the

observed second peak in the encapsulation trials.

50/50His/WT

40/60 His/WT

20/80 His/WT

no biotin contro

Normalized Absorbance

Volume (ml)

Figure 2.9: Varying ratios of His6-tag/WT Bfr with encapsulated SFrun on a GE Sephacryl™ S-300
HR resin. The elution was monitored with four wavelengths, 280 nm, 260 nm, 418 nm, and 495 nm.
Displayed here is the 495 nm monitored wavelength, which corresponded to the fluorescein on SF.

Concentrations of GndH@b decluster 24mer i$6-tagWT Bfr were
varied in order texamine the amount that was necessary for proper
encapsulation of SF. If less GndHCI was required for encapsulation, then it
might be more advantageous to perform encapsulation experiments in less harsh
conditions. Several concentrations of GndHCI werel iseevaluate the
importance of using this chemical disruptant for exposure of the inner surface of
Bfr by declustering. Albf these trials were performed using a 60/40 ratio of
His6-tag to WT, with SF, BiotilXNTA, and nickel sulfate. Five concentrations
were explored, 8 M, 4 M, 2 M, 1 M, and 0 M, keeping the conditions otherwise
identical between these triaBigure2.10). The no biotirXNTA control was
also includd in this graph as a point of comparison to the rest of the data. As
was observed with the elution pattern, even total absence of GndHCI seemed to
yield some amount of encapsulated SF. This was interesting because it was
thought that the Hiséag would lagely be unexposed in buffered aqueous
solution. This was likely due to some of the inherent equilibrium between the
24mer and the dimer state of Bfr. Dimer Bfr would have had an exposed His6

tag, and would have been able to interact with the BNTA. This process
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was, however, not as efficient at encapsulation as the in the presence of
GndHCI. Peak ratios were 0.70, 0.64, 0.60, 0.60, and 0.49 for8 M, 4 M, 2 M, 1
M, and 0 M GndHCI, respectively. It was possible to encapsulate in all of these
conditions but it seemed to be more favourable to do so in higher amounts of
GndHCI. This seemed to indicate that the interaction betweenté&fjsBfr and

SF was favourable enough that even underdemiustering conditions some SF
would become encapsulated. The a660/40 His6tag/WT conditions with 8

M GndHCI were scaled up by five times, and it was observed in some cases to
encapsulate quantities of SF that had peak ratios as high asib@@2.11).

alized Absorbance

Norma

Figure 2.10: Varying concentrations of GndHCI during encapsulation of SFwithin His6-tag/WT Bfr .
The samples were run on a GE Sephacrif! S-300 HR resin while monitoring the495 nm
wavelength, specific for the SF marker.
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Figure 2.11: Encapsulation of SF within60/40 His6tag/WT Bfr usingtwo declustering agents:
GndHCI and a 40 °C temperature clange Thesesamples of encapsulated S&sed 60/40 Hisé
tag/WT Bfr and were run on GE Sephacryl™ S-300 HR resin The wavelength monitored, 495 nm,
was specific for the fluorescein labefound on SF

An absence of GndHCI during the encapsulatimtedure resulted in
some small levels of SF being encapsulatedalt suspected that an alternative,
possibly less severe, conditions could be utilized for encapsulation. Since both
Bfr and SF are known to be heat stable, a temperature based methdddtede
Bfr was attempted. Using a hot water bath at 40 °C the mixture of host, guest,
and linker was left for 90 minutes. Instead of needing to dialyze excess GndHCI
out, it was left at room temperature to cool and was then run on size exclusion
(Figure2.11). The peak ratio for the 40 °C temperature based encapsulation trial
was 0.96, which was very comparable to some of the other 8 M GndHCI trials.
This demonstratethat it was possible to use another method to encapsulate the
SF guest molecule, which may prove to simplify preparation time. The
encapsulated samples prepared here were used for future experiments with TEM

and fluorescence quenching.
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2.3.2. GNP Encapsulation within Bfr

Two commercial golshanoparticles (GNP) were investigated as
inorganic guest particles to encapsulate in Bfr. The sizes of these nanopatrticles
were 1.8 and 5 nm, each of which had NTA ligands attached to the surface
through a proprietary polymer linker. The 1.8 and 5 nm likstances were
0.7-1 nm and 1.5 nm, respectively. This made the final diameter of the 1.8 and 5
nm nanoparticles 2.8 and 8 nm, respectively. For these nanopatrticles, 2.8 nm
was well within the size limitations of the interior 8 nm core of Bfr, whereas 8
nm was at the very extreme of allowable sizes. The 1.8 nm GNP was explored
first by a student under my supervision, Robert Taylor, as it was suspected to be
a better candidate for encapsulation within Bfr. This GNP appeared feavn
in colour and had a perted absorption maxima at 420 nm. This maxima,
unfortunately, overlapped with the heme present in Bfr reconstituted with heme.
Thus, for these experiments Hitfy and Wbfr were utilized in the absence of
heme in their structure. €hefore any signaltt&20 nm on chromatograms
should have been a result of the presence of the 1.8 nm GNP. The first step was
to determine the optimal ratio of Higég to WT for encapsulating 1.8 nm GNP.

Robert Taylor explored the ratios of Hitfg and WT to optimize ¢h
conditions for 1.8 nm GNP encapsulation. The method for encapsulation used 8
M GndHCI to decluster the 24mer Bfr to expose the interior4tfigb This was
then incubated in the presence of the 1.83M#P and nickesulfate and then
dialyzed into 5anM Tris, 100 mMNaCI buffer at pH 8.0. This procedure
mirrored that which was used for the encapsulation of SF in the previous
experiment. Before the encapsulation trial was performed, absorption spectra for
both 1.8 and 5 nm GNP were takéigure2.12). Curiously, the absorption
spectra for the 1.8 nm GNP did not contain a distinctive peak at 420 nm, as was
stated in the specifications for the product. Whereas, the Shitadarly
contained a 518 nm absorption peak. Both GNPs, howexieihited hgh
absorption in the UV range. For future experimental identification, 518 nm
wavelength was used to specifically identify the 5 nm GNP, but 420 nm could
not be used for the 1r8n GNP. The 1.8 nm GNP encapsulation was examined
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with several ratios of Hiséag and WT Bfr to optimize conditions. Ratios of
His6-tag/WT Bfr explored were 0/100, 10/90, 50/50, 70/30, and 100/0. Each of
these trials used GndHCI to declusasrdescribetefore, and solutions were
dialyzed into 50 mM Tris, 100 mM NacCl buffer at pH 8.0 for 24 hours, and then
eluted through &E SehadeX™ S-300 HR columnFigure2.13). The first

peak in this chromatogram was attributed to the 24 mer Bfr, the second to the
free 1.8 nm GNP, and the third to dimer Bfr. This equilibrium between fully
formed 24mer and dimer Bfr had been observed previdtish’Examining
Figure2.13 seemed to suggest that Bfr was more in the 24mer state when the
His6-tag/WT ratios were 10/90 and 0/100. As thgos were shifted to higher
His6-tag Bfr content the dimer peaks appears to dominate in the
chromatograms. As a reference, the pure 1.8 nm GNP was run by itself and
seemed to elute slightly earlier than the dimer peak observed for Bfr. These trial
runswere also examined with TEM to visualize the presence of encapsulated
1.8 nm GNP in Bfr.
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Figure 2.12: UV-Vis absorption spectrum of 1.8and 5 nm GNP in aqueous bufferThe 5 nm GNP
showed a cleaabsorption peak at the manufacturer specified absorption maxima of 518 nm. The 1.8
nm GNP, however, showed no obseable 420 nm absorption peak, contrary tomanufacturer
specification
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Figure 2.13: Encapsulation trials of 1.8 nm GNP with varying ratios of Hs6-tag/WT Bfr . The trials
were run on a GE Sephacryl™ S-300 HR with the monitored wavelength of 280 nm.

In addition to these initial trials, further experiments were conducted
altering the conditionsof encapsulation. Encapsulation in the absence of
GndHCI at varied temperatures were examined to rule out the possibility that
GndHCI was negatively affecting association between 1.8 nm GNP and Bfr, and
to explore alternative means of encapsulation. Ttemperatures, 4, 25, and 50
°C were used to encapsulate 1.8 nm GNP in the absence of GndHCI using a
ratio of His6tag/WT Bfr of 50/50 Figure2.14). In these trialstte previously
observed dimer peak appeared to virtually disappear. This very dramatic change
in elution profile may have resulted because the conditions werdisesptive.

Using temperature as a strategy for encapsulation could potentially be
advantgeaus as a future encapsulation methodology since it was very easy to

regulate, and may be less disruptive.
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Figure 2.14: Encapsulation of 1.8 nmGNP under varying temperatures The encapsulated 1.8 nm
GNP was run on a GE SephacryM S-300 HR resin, with a monitored wavelength of 280 nm. The
three temperatures used were A25, and 50 °C, each using a B His6-tag/WT ratio.

A control trial for 1.8 nm encapsulation was performed without any
nickel sulphate presentn theabsence of Ni no coordination site on the
surface of the 1.8 nm GNP would be available for the histidine groups on the
inner surface of Bfr.Rigure2.15). It wasquite clear that there wasshoulder
within the dimer peak of the control run. This shoulder was attributed to the free
1.8 nm GNP, whichvas not coordinated by any Bffhe pure 1.8 nm GNP had

an elution time identical to this shoutden thedimer peak of the control.

Volume (ml)

Figure 2.15: Negative controlof encapsulated 1.8 nm GNP in Bfr The samples were run on GE
Sephacry™ S-300 HR column, and the monitored wavelength was 280 nm. The control underwent
the sameencapsulationconditions as previously but without the presence of nickel sulfate

After much trial and analysis with attempts to encapsulate 1.8 nm GNP there

was no clear evidena# successful, or proficient encapsulatisithin Bfr.
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Subsequentljthe5 nm GNP candidate was explored briefly to attempt
encapsulation of a GNP. The approach taken was meant to quickly assess
whether it was possible or not to encapsulate this extrdargly guest particle.
The first attempt was with GndHCI as the declustering agent, and with a 60/40
ratio of His6tag/WT Bfr, as has been shown previously to be optimal for both
SF and ProQ® Sapphire 365 oligohistidine gel stiilttempts were also

made to encapsulate without GndHCI, but with temperature increase, as with the
1.8 nm GNP. After encapsulation trials using GndHCI and temperature change
the resulting solutions were separated on a GE Sepha8s300 HR column
(Figure2.16). It was observed that the elution of the 5nm GNP was slightly
earlier when using temperatures changes, which suggestedg@NP was
associating witlBfr. Although it was thought that encapsulation of the larger 5
nm GNP would be less likely, @ppeared to interact favourably with Bfr. TEM
experiments would later confirm that there was indeed proper encapsuation
interesting difference since the smalle8 nm GNP did not appear to

encapsulate

alized Absorbance

Norer

Figure 2.16 Encapsulation of 5 nm GNRin Bfr separated on a GE SephacryM S-300 HR resin

Two conditions were used, one wh GndHCI as the declustering agent, one without. Each trial was
monitored at the wavelengths of 418 nm and 518 nm, which corresponded to the heme in Bfr
absorption maxima, and the 5 nm GNP absorption maxima, respectively. There was a slight shift in
the dution time of 5 nm GNP to an earlier time point when no GndHCI was used

In addition to the encapsulation conditions explored above, two control
experiments were also conduct&mhe control was performed with 100%sb+
tagBfr, and another with 100% WBfr (Figure2.17). Here a subtle, but
observable shift in the elution times between the 100%-tdig&nd the 100%
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WT was observed. Themwas a clear shift in the 5 nm GNP elution between the
two. The WT control had a 5 nm GNP elution time that was very similar to the
elution time of the pure 5 nm GNP. The elution of the 100%-ktig®Bfr, as
indicated by the 420 nm monitored wavelengtirroned that of the

encapsulated 5 nm GNP. TEM experiments would confirm encapsulation of
GNP with the His&ag Bfr control, but not with the WT control, which is
elaborated obelow. The efficiency of encapsulation of the 5 nm GNP was
calaulated using thextinction coefficient at 518 nm of 1.0x181*cm?, and

the concentration of Bfr using the heme extinction coefficient of 1.0
lem!) and extrapolating the Bfr concentration from tHisThe yield was
calaulated to be approximately 13%, or one GNP encapsulated in every seven
eight Bfr cages. Use of 100% Hiség Bfr appeared to be the optimal ratio for 5

nm GNP encapsulation.
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Figure 2.17: Encapsulated5 nm GNP with a negative control separated on a GE SephacRfl S-300
HR resin. The elution was monitored with wavelengths 418 nm and 518 nm, corresponding to heme
in Bfr, and 5 nm GNP, respectively. Two controls were run, one with 100% i46-tag Bfr, and one

with 100% WT Bfr. The 100% His6-tag Bfr trial showed a clear shift in the elution time of the 5 nm
GNP.
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2.3.3. Fluorescence Measurements of Encapsulated SF

Streptavidin, a large tetrameric protein, was chosen as a guest
protein to probe the capabilitie$ Bfr to accommodate entire proteiridy
encapsulating SE would aid developof methodologies to encapsulate
other complex and lasgguest moleculeStreptavidinhas an approximate

size of 56 nm*°2

, whichwas thought to bwithin the capabilities of the 8
nm interior diameter of Bfr to contaiA fluorescent label ostreptavidin
was used tpermitfluorescence quenching measurementieterminehe

degree of protection aftreptavidinfrom the external environment.

A commercially available fluoresceiabelled streptavidin, SF, was
utilized to track and analyze ensagation within Bfr Figure2.18). The
first eluted peak from size exclusion chromatogragiktyibited an
absorbance corresponditaythe absorption maxima of both dikescein
(495 nm) and Bfr (418 nm}gure2.19). Control experiments without
Biotin-XNTA did not reveal the same absorption pe#ksalysis of these
results indicatethat SF was indeed associatimigh Bfr, and that both the

His6-tag and BiotiRXNTA were essential for this association.

Figure 2.18: Streptavidin, a tetrameric beta barrel protein, has four biotin binding sites, which
were utilized for the affinity mediator biotin -XNTA to encapsulate SFEach betabarrel is
presented in a different colour, and the biotin molecules are displayed as red spheres. Image
generated using PDB ID 3RY1 in pymol.
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Figure 2.19: Absorption spectrum of encapsulated SF and free SHhere was an absorption
peak at 495 nm in the encapsulated spectra, which corresponded to the absorption maxima of
the fluorescent label of SF. Thiswygested that SF hadeen encapsualteavithin Bfr.

Each SF encapsulated sample was evaluated using fluorescence
guenchingstudies A lack of quenching would provide evidence thatwgis
protected by a proteioage barriern.e. Bfr. Three quenching agenwere
used to evaluate encapsulation: iodide, dagkybamate, and black hole
quencher® 10 (BHQ®10). lodide is a static quenthewhile dabsy
glutamate and BHQ®10 both quenched based on Forster resonance energy
transfert’213Dabsyl chloride was labelled with glutamate to ensure that it
would not react with free amines on either of the proteins in solution.
Experimental and theoretical data were usechlculate a theoretical FRET
distance for both dabsglutamate and BHQ®10 with SF. Using a model
derivedin the Visser lab, a theoretical FRET distance was calculated for
bothdabsytglutamateand BHQ®10'"* FRET dstances were
approximately 4 and 5 nm for dabsylutamate, and BHQ®10, respectively.
The dipole orientation factor, refractive index of the medium, and the
quantum yield were all approximated to 0.667, 1.4, and 0.5, respectively.
Analysis of the xray stucture of Bft3 provided an estimation of the
proteinshell widthto be between 2.5 and 3 nm without solvation radius,
electrostatics, or other factors considered. Both quenchers showed potential
to quench fluorescepat this distance, though not all parameters were

considered in this theoretical evaluation.

Both encapsulated and nencapsulated SF were titrated with

guencher and again separately with buffer to control for dilution effects.
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lodide, dabsyglutamate and BHQ®10 were plotted with both the
encapsulated and exposed Skj(re2.20). Encapsulated SF exhibited
almosttotal absence of quenching over the course aitiin of iodide,
whereas Dabsyglutamate showed some quenching over titration, and
BHQ®10 showed essentially complete quenching. When compared to the
theoretical FRET distances and the quenching trend observed for Dabsyl
glutamate and BHQ®10 it is reast@to expect that more quenching
should be observed for BHT10 due tats predicted larger FRET distance.
Therefore the quenching affect with BHQ®Z10 should not necessarily

indicate exposure of SF.
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Figure 2.20: Titrations of quencher into solutions of free SF and encapsulated Skere
transformed into Stern-Volmer plots. Titration of three different quenchers were used to
validate encapsulation of SF in Bfr. lodide (A) showed an apparent total absence gfienching,
whereas dabsylglutamate (B) and BHQ10 (C) showed some level of quenching. The expected
reason for increased quenching between dabsglutamate and BHQ10 was that the two FRET
based quenchers had FRET distances larger than the protein shéD).
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2.3.4. TEM Conditions and Trials

Confirmation of SF encapsulation was made by employing transmission
electron microscopy (TEM)his technique haldeen sucessfully utilized to
visualizeencapsulated guest molecules wmthirus-like particles, but hadot
previously been employed f&fr.1”>1’°ThreeTEM stainswere used: uranyl
acetate, molybdic acid, and phosphotungstic acid to highlight Bfr and determine
the presence of internalizedest molecules withi*’” Due to the intrinsic pores
found in the structure of Bfr, it was hypothesized that atom sized stains would
be able to penetrate the core, as evidenced with pores on VisEESF was
large enough to consume most of the interior space in Bfr and thus any stain
would be largely excluded from the interior. A lack of stain initierior would

indicatethe encapsulation of S&s monitored by TEM.

Analysis ofcommercial po-ferritin and apeBfr by TEM showed
obvious stain penetration with both uranyl acetate and molybdic¢racithe
interiors of these multisubunit protei(fSgure2.21). The penetration of stain
confirmed that single atom stains were small enough to transit across the native
pores found in intact Bfr. In addition to theselpnénary trials a new image
processing technique was explored. This processing technique is called single
particle analysis, and ttesftware used texplore this technique was called
EMAN2.178 This technique was fitevaluatedvith apeBfr without
encapsulated materials, and improved FaMained image qualit(Figure
2.22). Themeasured size of ag#fr matched wellvith crystaldata, giving an
outer diameter of 11.7 nm and inmeameterof 4.8 nm.
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Figure 2.21: Negatively stained TEM images of horsepo-ferritin and apo-Bfr. The stain used with
apo-ferritin (A) was uranyl acetate, and molybdic acid was used with ap®&fr (B). The stain clearly
penetrated the interior of apoBfr, which made Bfr appear asa donut shapel 2-D object.
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Figure 2.22: A negatively stainedimage of apeBfr using 0.5 % molybdic acid (A). Multiple images
were used, and hundreds of sigie particles gathered (B) were usedtgenerate a reference free class
in EMAN2 (C). Measurement of this fnal image matched the expected size of ajigfr basedon
crystallographic data'?®,
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This staining technique was used further to probe the presence of
encapsulated SF within Bfr. After many staining trials, single particle analysis
was utilized to help clarify image8® Multiple single images of encapsulated
SF in Bfr were averaged to try and obtain a clarified pic#uretal of479
particles from multiple images weamalyzed ta@enerate a conserved average
image of encapsulated SF in BRiure2.23). In this case the outer diameter
remained similar to the native Bfr with a diameter of 11.6 nm, while the inner
cavity contained a particle of approximately 3 nm in diameter. Thectg
size of SF was larger than this, but image processing may have resulted in some
reduction of the diameter. Some unprocessed im&ggsré2.23B) showed an
explusion zone on the interior of Bfr that measured around 4.5 nm, much closer
to the SF diameter. The unprocessed images for encapsulated SF showed largely
covered surface$igure2.23) with potentially exposed regions. These exposed
regions could also be a result of the fmative conditions of the TEM imaging
grids. Despite possible incomplete coverage, there was clear evidence of the
interaction between host and guesti@cules. Protection of the guest molecule
from the externagnvironment as shown by TEM is consistent with conclusions

drawn fromthe fluorescence quenching results.
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Figure 2.23: Single particle analysisof encapsulated SF in Bfr Over 400 single particles (A) were
collected and the averaged into three classes$ndividual particles selected from the pool of 400
images that showed to be especially well resolved with a zone of excluded stain in the intenih a
diameter of approximately 4.5 nm (B).These three classefC) seem to have an excluded area of stain
in the interior of approximately 3 nm.

One TEM grid condition used in the investigation of encapsulated SF
resulted in interesting formatiaf two-dimensional crystals. This may be of
future importance for study of structural aspects of the Bfr platform. By forming
two-dimensional crystalsne may be able to extract more precise structural data
by electron beam scattering patterns. A techamigjuthis nature would require
an equipped electron microscope to collect the diffracted signal. Interestingly,
crystals were observed using solution conditions with only eight times higher
concentration of protein than was previously used, and no ottigived
(Figure2.24).
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Figure 2.24: Formation of two dimensional crystals of SF encapsulateth 60/40 His6tag/WT Bfr in
TEM imaging. Using eighttimes the concentration of encapsulated SF with 60/40 His6/WT Bir

was possible to generate two dimensional crystals. The image was stained with 0.5 % molybdic acid,
as before.

70



In addition to a large biological molecutbge encapsultiorof inorganic
1.8 and5 nmGNPwere also investigated. Commercially available NTA
surfacemodified GNPs were studied as paradigorsencapsulation of
inorganic nanoparticle3EM was performed ohoth encapsulateahd free 1.8
and 5 nm GNP. Free GNP was investigated to determine how the polymer
coating surrounding the GNP would appear in images. Since the polymer
decorating the GNP with NTA functionalities was organic it wap@ear as a
shell surrounding the GNP in a negatively stained image on TEM. This polymer
coating might have falsely been perceived as Bfr protein coating the T&WP.
andysis of free 5 nm GNP clearly demonstratidt the surrounding polymer
was not as titk as the protein shell of BfFF{gure2.25). When measured, the
protein layer of Bfr was-3 nm in width while the polymer on GNP was only
detectal® on the highest resolved images with a width of approximatelg 1.5
nm. The 1.8 nm GNP approached the imaging limitations, and seemed to vary
in diameter Figure2.26). It was challenging to acquire images of acceptable
quality with the 1.8 nm GNP, explainable by a dramatic difference in the
number of gold atoms found in the 1.8 nm patrticle. In addition to the difficulty
associated with imaging, theBlnm GNPs had high variability in size, with
particles larger than 1.8 nm by almost two times.
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Figure 2.25: Comparative TEM images of free 5 nm GNRA), and empty Bfr (B). There was an
observable shellaround the 5 nm GNP, which was the polymer containing the NTA functionality.
When measured, this polymer was no larger than 1.8 nm, whereas the thickness of the protein shell
of Bfr could be as large as 4 nm when measured.
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Figure 2.26: TEM images of free 1.8 nn(A) and 5 nm(B) GNP without any negative stainThe 1.8
nm GNP was measured between 1.8 and 3 nm in diameter, and the 5 nm GNP was measured more
uniformly around 5 nm in diameter.

The 1.8 nm GNRvas the first nanoparticle investigated for
encapsulation within apBfr. The optimal ratio for encapsulation was
determined previously by Robert Taylarthe Honek laboratory to be 50/50
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His6-tag/WT Bfr. Trials with 50/50 His@ag/WT Bfr using 8 M GndHCas a
declusterant were imaged after being separated on a GE Seph&:8f0 HR
resin Figure2.27). Although there were a select few encapsulated 1.8 nm
GNPs, thdraction of encapsulation was extremely small. Some patrticles
highlighted were as large as 5 nm and ranged within 1.8 to 3 nm. Those
particles that where 1.8 nm were the most challenging to differentiate in the

TEM image due to their poor contrast. Thusther imaging trials were pursued

to obtain more definitive proof of encapsulation.

Figure 2.27: TEM images of theencapsulated 1.8:m GNP in apo-Bfr. Highlighted in the boxes are
the images that havebeen etarged in the insert. There wereclearly highly electron dense guest
moleculesin the centre of Bfr. This was attributed to GNP because it was more electron dense than
the background stain.

In order to circumvent the issue of contrast withghmall 1.8 nm

GNP, another staining technique was employed when imaging the
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encapsulated 1.8mGNP. By using the comparatively larger
phosphotungstic acid @RW:12040) negative stain, it wasypothesized that

the stain would be unable to penetrate the core of Bfr through the native
pores. To prove this, Histag Bfr without any encapsulated guests was
imaged in the presence of phosphotungstic dagle2.28). These images
clearly demonstrated Bfr without the previously observed stain penetration
of the interior. This was a highly advantageous technique to probe 1.8 nm
GNP encapsulation because any etattlense spot in the centre of Bfr

would be the result of encapsulated GNP and not just a stain artifact. In
addition, stain exclusion would improve the contrast of small GNP within
Bfr. Attempts were made to image under these conditions using the same
methodology to prepare encapsulated 1.8 nm GNP as béhgnar¢2.29).

These images, however, revealed no encapsulated GNP. It was decided that
the declusterant used dasrupt the Bfr shell should be examined for its
effectiveness. A series of incubation temperatures were used and examined
on TEM with the phosphotungstic acid negative stain. After analyzing the
TEM images it was clear that there was not an improvemehei

efficiency of encapsulatiorF{gure2.30). Unfortunately, it was not possible

to get better encapsulation yields than what was observed here. This was
especiay odd in light of the success of the much larger 5 nm GNP images.
It seemed to be contrary to logical reasoning that a smaller particle would be

far less favourable for encapsulation.
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Figure 2.28: TEM image of apeBfr using phosphotungstic acid as a negative stairBoth images
were generded using 0.5 % phosphotungstic acidimage B had much more contrast than A, but
both were generated using the same stain concentration, and importantly both lacked sta
penetration to the interior.

Figure 2.29: TEM images of 1.8 nm GNP encapsulated in Bfr using phosphotungstic acid
Although the encapsulation conditions were similar to previousonditions, the imagesdid not
reveal any encapsulated 8.nm GNP. The insert showedhat there was clearly no stain
penetration.
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Figure 2.30: TEM images of encapsulated 1.8 nm GNP in Bfr ained with phosphotungstic
acid. There werescarcely anyl.8 nm GNP encapsulated in Bfr. Thk insert showed some
potential evidence forencapsulated 1.8 nm GNRn Bfr .
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The encapsulated 5 nm GNPs were analyzed under TEM using molybdic
acid after being separated on GE Sephdérgt300 HR resin. The
encapsulated 5 n@NP images exhikeda clear preéein coat fully covering the
surface Figure2.31). In addition, all the GNPs present in these images were
clearly encapsulated. When compared, the width of the protein coat matched the
width of the measured shell of aBdr. Analysis with he EMAN2 program was
performed as before, and it was possible to éemivaveraged measurement for
the radius of the hogjuest complexHigure2.32). Slight increasg indiameter
were observed with an increase of approximatedyrizn based on the averaged
image. Such increases suggested conformational changes to the protein coat
structure to accommodate this large guest molecule. Stablermational
changes appeadto be allowable as a result of the compensatory number of
multiple affinity interactions between host and guésir the SF encapsulation
study tetrameric SF had a maximum of four possible affinity interactions,
whereas the gold nanoparticle had sevefigAMffinity ligands. The GNP was 5
nm in diameter with an approximate 1.5 nm extension in thickness of the shell
due to the addition of a polymer terminated with NTA linkers. Based on the
diameter of aphere of 5 nnthe absolute maximum numberadfinity tags can
be approximated to 13@ was likely much lower than 130, but this still gives a
sense of the difference in number of affinity interaction between SF and 5 nm
GNP.

To address the question of why the 1.8 nm GNP was less successful than
the 5 nmGNP for encapsulation within Bfr, it could be theorized that the GNP
was acting more as a scaffold for Bfr rather than a passive guest. The 5 nm GNP
was of a similar size and shape to the native interior volume of Bfr, and could
have built the Bfr shell aund it. Whereas the 1.8 nm GNP was significantly
smaller than the internal volume of Bfr, and may have not been an ideal
template to complement the native sedsembly of Bfr. In the case of the 1.8
nm GNP, fewer affinity ligands may have been more iddahy affinity
ligands on 1.8 nm GNP may have dominated the interaction between GNP and

Bfr over Bfr-Bfr subunits. If a single affinity ligand existed between 1.8 nm
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GNPs and Bfr, selassembly of Bfr may have instead been dominated by the
native interagbn energy between subunits. Future nanopatrticle encapsulation
should take into consideration this effect in choosing the size of guest and the
number of affinity interactions it possessEgy(re2.33).

100 nm
Direct Mag: 92000x

Direct Mag: 180000x

Figure 2.31: TEM images of free and encapsulated 5 nm GNP in 100% Hiséag Bfr. A WT Bfr
negative control (A) revealed 5nm GNPs not encapsulategas highlightedin the insert. A thin
polymer coating ofan approximate width of 1.5 nm. The 5 nm GNP was encapsulated withit00%
His6-tag Bfr, as was evidenced by the extremely electron dense interior within Bfr, and the width of
the protein shell. The protein shell wa measured as approximately 3.7 nm, similar to the width of
native Bfr observed with TEM.
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Figure 2.32: Single particle analysis of 5im GNP encapsulated within 100% Hiséag Bfr. The
reference freeclass of these images generataparticle with sizes slightly largerthan previously
seen The interior diameter appeared to be closer to the size of the GNP, and the exterior diatae
had grown by two nanometers to approximately 14 nm.

A B g D C Ej
Figure 2.33: Geometrical factors and the number of affinity interactions determined the success and
failure of 5 nm and 1.8 nm GNPencapsulation.By having multiple affinity ligands on the 1.8 nm
GNP it did not act as an ideal scaffold for Bfr to build onto (A). The 5 nm GNP, however, matched
the native internal size of Bfr, appropriately, and thus was a good scaffold to build Bfr onto (B). If

instead only one affinity interaction was available between Bfr and the 8 nm GNP, then the self
assembly of Bfrmight not be disrupted by competing affinity interactions
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2.3.5. Structural Investigation of the Dime#24mer Equilibrium, and
the Significance of Heme

Investigation into the selissembly of 24mer Bfr was an ongoing side
project during the fulfilment of this M.Sc. degree. As has been stated, Bfr and
ferritins have beedocumented as existing in equilibrium between two states: a
fully formed 24mer, and a dimer. Not much is known of the intermediate forms
occupied between these two states. In the process of performing experiments
and controls, it was noted that in bothesexclusion chromatography and native
PAGE the presence of heme in the Bfr structure increased the population of
24mer Figure2.34). Heme alone seemed to be contributing to the stabilization
of the 24mer structure. This was curious because heme is found at the interface
between dimers. It was not expected that a missEmgent between dimers
would strengthen the full 24mer species. Differential scanning calorimetry was
attempted to evaluate the claim that the complex was strengthened by the
presence of heme. MS was approached, as well, as a method to examine this
claim, both of which were unsuccessful. The data from the size exclusion and
native PAGE suggest that heme strengthened the 24mer state, which would

make heme an important structural factor for Bfr.

—o— Bfr with heme —%— Bfr without heme

Figure 2.34: Analysis of the effects of heme with respect to the equilibriuraf Bfr between dimer
and 24mer statesBfr with and without heme was run on a GE Sephacry™ S-300 HR size exclusion
resin (A). When the heme corgining Bfr wasrun on a native PAGE (B)it would run with a high
molecular weight band and low molecular weight band, whereas the Bfr without heme ran as only
one lower molecular weight band.
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Differential scanning calorimetry was performed on Bfr, bdiséinct transition
temperature was undetectable. This was not wholly unexpected since there
would be a litany of individual unfolding events taking place at varied
temperatures. This likely helped to obscure the overall reading, and little
information wagathered from this technique. MS was explored as well to try
and utilize some previously derived experimental conditions for observing
native conformations of proteif® Proteins were suspended in 200 and 20 mM
ammaium acetate solutions before running on anQ@%0OF MS. Hisétag Bfr

with heme reincorporated was run in these native conditions. Some success
was made in generating lower charge state peaks in the speEtgume.35).

Low charge state ions are expected for the native structures of proteins in the
gas phas&® There was a clear shift to these ions from the at@pectrum
generated. The spectrum range would likely have to be extended greatly to
accommodate the large mass of multimeric proteins. It was not possible to scan
with the same range that other experimenters have used, reaching a maximum
range of 4000 nz/ which may have not have been enough to capture larger
complexeg® In addition, the nanospray E®FTOF was not modified in the
exact fashion as in these previous experim&ftdowever, these initial results
suggested that it is highly likely to examine Bfr in a{a@matured form with

MS 187 Unfortunately, the instrument used to run these experiments was under
repairs shortly after obtaimg these results, and follow up experiments could not

be performed.
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Figure 2.35: Native protein MS trials using heme containing Bfr Bfr with heme was exchanged into
a 20 mM ammonium acetatesolution and run on a nanospray ESIQTOF mass spectrometer (A).
When run in denaturing conditions the spectrum contained higher charge state ions, as was usual
(B). When the native spectrum was deconvoluted it revealed a protein mass of 19560 Da, as was
expected for the monomeric protein.

2.3.6. Conclusion

By demonstrating the encapsulation of protein and nanoparticle guest
molecules Bfr was evaluated as a platform to encapsulate foreign guests.
Through chromatographic, fluorescent, and TEM, SF was able to be
characterized as encapsulated within Bfr. The 1.8 nm and 5 nm GNPs were
evaluated, and only the 5 nm GNP was able to be encapsulated, as confirmed
with chromatography and TEM. It was curious that the 1.8 nm GNP did not
encapsulate within Bfr, whereas the ularger 5 nm GNP was encapsulated to
a high degree. It has been hypothesized that the reason fdistirespancy
might be due to both the size and the number of affinity interactions. The 5 nm
GNP complimented the interior diametdrBfr, and may havecied as a
scaffold. The 1.8 nm GNP too acted as a scaffold, but with disproportionate
geometry to the Bfr interior. If the 1.8 nm GNP could be synthesized with one
or two affinity ligands it might act less like a scaffold. This balance between

size and nurper of affinity ligands displayed will play an integral aspect in the
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decision for future guests. Larger guests that may cause minor perturbations in
the native structure of Bfr may be compensated for by numerous affinity
interactions. With both SF and tbenm GNP it was demonstrated that the

affinity interaction was critical for the specific encapsulation of the guest

particle within the host Bfr. Preliminary results were also presented that suggest
that the heme cofactor was important for the formatfadhe24mer complex.

This was shown with size exclusion and with native PAGE. The factors that
heme had on the formation of 24mer Bfr are unknown, but the evidence does
suggest that it contributes to a shift in the equilibrium between the dimer and
24mer sate.
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3. Chapter 3: Cofactor Modification

3.1.Introduction

In the ferritin superfamily of proteins, Bfr is the only family member that
contains heme cofactors. Heme is protoporphyrin IX, which is protoporphyrin
with an iron atom in the centre of the porphyrimg. In the context of Bfr, the
heme cofactors are coordinated by two methionines, M52, from separate
protomersFigure3.1). As is observed, the henbinding pocket is on the inner
face of Bfr with propionate groups exposed and pointing to the inside of the
cage protein. It was hypothesized that by modifying the propionate groups little
would be altered in hemes ability to be coordinated by Bfr. Hamgionate
groups exposed in this nature provided a unique opportunity for adding an array
of functionalities and ligands to heme, and thus to Bfr. In addition, increased
complexity of heme labelling could be obtained by individually modifying
propionategroups® (Figure3.2). These factors make heme an important and
ideal cofactor to explortor furtherdevelopment oBfr as aplatformfor

bionanotechnology.

Exterior N-termini
A B
| C'l.u' AR iR / :
\ /
Interior c .
Heme 5 e

CGtermini

Figure 3.1: A crystallographic image of the heme binding pocket of Bfdisplaying the heme
propionates facing the interior spaceand the C and N termini are shown facing the interior and
exterior, respectively(A). The heme binding pocket (B) clearly is on the interior face, and the
propionate groups are solvent exposed (C).
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Figure 3.2: Potential labels for heme propionate groupgA). Alternatively labeled hemes could be
mixed within the same Bfr24mer to add additional complexity (B). Alternatively, two alternate
labels could also be combined on a single heme (C).

In this chapter heme modification of the propionate groups will be
explored with a variety of functionalities. Heme modification wasarily
examined with fluorescent labels to develop a proof of principle for the ability
to label heme with large fluorescent molecules and then incorporate them into
Bfr. Modifications of the propionate groups of heme have been made and
successfully incgrorated back into myoglobin in previous stuéfieand so
there is precedence for functionalizing heme in this way. The fluorophores
explored were Lucifer yellow (LY), a coumarin derivative (DCCH), and two
fluorecein derivatives (FSTC, AAFF{gure3.3). Two nonfluorescent
molecules were also labelled onto hemebitylamine (NBA) and an NTA
derivative (LysineNTA) (Figure3.3).
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Figure 3.3: Structures of heme (A), NHS (B), NBA (C), LY (D), DCCH (E), FSTQF), AAF (G), and
lysine-NTA (H).

The reaction used to label heme propionate groups followed an
activation scheme where the propionates were reacted with a carbodiimide and
an N-hydroxysuccinimide (NHS) producing heriHS. HemeNHS served as
a semisteble intermediate, which could be used directly to label heme with
molecules containing primary amines or hydrazidegure3.4). In earlier work
performed by Deniskieuson of the Honek laboratory, hydroxybenzotriazole
was used in combination with a carbodiimide, but eventually the g
preparation method was adopted for all heme labelling experintégrtse was
modified out of the protein environment, which wasadmantage of this
process, and then reinserted into the protein architecture. This allowed for
stringent conditions to be used without the associated risks of damage to the
protein. This chapter will explore the labelling, purification, and incorporation

of modified heme (modhemes) into Hiséag Bfr.
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Figure 3.4: Reaction mechanism for the synthesis of herldHS using a polystyrene linked
carbodiimide.

3.2. Materials and Methods
All materials and methods for this section of the thesis are listed below
otherwise they have been listed in chagte

3.2.1. Materials

Hemin (SigmaAldrich, Buchs, Switzerland), R&rbodiimide (Biotage,
Hengoed, United Kingdom),Nlydroxysuccinimide (dHydroxy-2,5
pyrrolidinedione) (Sigm&ldrich, Louis, MO, USA), 5
(Aminoacetamido)fluorescein (fluoresceinyl glycine amide) (Molecular
Probes® Life Technologies, Eugene, OR, USARi&thylaminocoumarin
(Molecular Probes® Life Technologies, Eugene, OR, USA) , -N U
Bis(carboxymethybL-lysine (SigmaAldrich, Buchs, Switzerland), N
butylamine Spruce Streeaint LouisMO, USA), Fluoresceirb-
ThiosemicarbazidéVolecular Probes® Life Technologies, Eugene, OR, USA)
Lucifer yellow ethylenediaminéViolecular Probes®@ife Technologies,
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Eugene, OR, USABIiotage® KRC18HS SNAP column (Charlotte, NC 28269
U.S.A), GE Sephadé¥ LH-20 (GE Life Sciences Quebec, Canada), GE
SephadeX! G-25 Fine (GE Life Sciences Quebec, Canada), Corning® half
area black 96 well microplat€¢rning®, Lowell, MA, USA),
Dimethylformamaide from a Sw®eal™ bottle was stored over dry 4 A
molecular sieves (Sigmaldrich, Sheboygan Falls, WI, USA), and Dimethyl
Sulfoxide from a Sur&eal™ bottle was stored over dry 4 A molecular sieves
(SigmaAldrich, Sheboygan Falls, WI, USA) weused for synthesiznd

purification

3.2.2. Safety

All solvents were handled with appropriate glove wear, laboratory coats,
googles, and in a fume hood. Chromatography using solvents was performed in
a fume hood, and silia&sins and TLC plates were disposed of correctly
through the hazardous waste management facility. All biological substances,
such as bacterial cultures, were handled in accordance to biological level 1
safety environments and either autoclaved or bleachehight before

disposed in a biohazardous waste container.

3.2.3. Heme Analogs

HemeNHS was synthesized by addihgmin
((Chloro(protoporphyrin)iron(lll); 200 mg0.307mmols)and PScarbodiimide
(954mg, 2.8 equiy 1.3 mmol/g}o 3.2 ml of anhydrous DM#ith stirring at 23
°C for 10 minutes. NHS (88 mg, 2.5 equiv., 0.76 mmol) was added to this
solution and stirred at 100 °C for an hour in a Biotage® Initiator microwave
synthesizer§chemel). After anhour, the solution was allowed to come to
room temperature and tiS-carbodiimidewas removed byunning the
solution through a column with glass wool packed at the bottom. The flow
through solution was precipitatedantO times the volume of chilled
isopropanol and centrifuged at 5800 rpm for 10 minutes in a VWR clinical 100
centrifuge. The pellet was collected, dried in vacuo, and stored away from light
exposure at20 °C. The reaction was not further purified, whichs performed
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after downstream reactions. On silica plate thin layer chromatography (TLC) in
dichloromethane:methanol 9:1 mobile phase, the Hegh® product had twoR
values of 0.62 and 0.75.

Schemel: Heme-NHS synthesis from hene activated with PScarbodiimide and reacted with NHS

PScarbodiimide (,.; equiv.}
Then NHS (,.5 equiv.)
[ ——
DMF
23 °C for 10 min
Then 100 °C for 1 hr

3.2.4. Reactions of Hem&lHS with NBA, LY, FSTC, LysMEA, AAF,
and DCCH

HemeNBA was synthesized by mixing hemNHS (3.4 mg, 4.2 umol
andNBA (1.2 mg,1 6 madd, 4 equiv.)and stirringin 500 ul of anhydous DMF
for 40 minutesat 100°C in a Biotage® Initiatomicrowave synthesizer
(Scheme&?). HemelLY was synthesized by mixing heANHS (4.3 mg, 5.3
pmol) andLY (6.2 ng, 11.9 umol,2.5 equiv) together in 500 pl of anhydrous
DMF and water (1:1 ratio) for 45 minutes at 1@if a Biotage® Initiator
microwave synthesizer. HerkeSTC was synthesized by mixing heidElS
(1.12 mg, 1.38 umol) and FSTC (3.09 mg, 7.33 pumol, &wepin 500 ul of
anhydrous DMF for 6 hours &0 °C in a Biotage® Initiatomicrowave
synthesizerLysineNTA was dissolved in anhydrous DMSO by vigorously
mixing at 23 °C to make 1 ml of a 10 mg/ml solution. Hdgsne-NTA was
synthesized by mixingemeNHS (1 mg, 1.23 pmol) with DMSO dissolved
lysineNTA (1 mg, 3.81 pumol, 3 equiv.) in 500 ul of anhydrous DMF for 6
hours a0 °C in a Biotage® Initiatomicrowave synthesizeHemeDCCH
was synthesized by mixing hem&S (5.5 mg, 6.79 pumol) and 500 i a 10
mg/ml DMF solution of DCCH (4.67 mg, 16.97 pumol, 2.5 equiv.) into a total
volume of 1500 ul of anhydrous DMF stirred at 50 °C for 6 hours in a Biotage®

Initiator microwave synthesizer. Unreacted activated mono H2@@€H was
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reacted to completionyithe addition of more free DCCH (1.1 mg, 4.07 pumol,
0.6 equiv.).Hem&AAF was synthesized by mixing hemNHS (2.0 mg, 2.47
pmol) and 500 pl of a 5mg/ml solution of AAF (2.5 mg, 6.17 pmol, 2.5 equiv.)
to 550 pl of DMF and stirred at 50 °C for 6 hours iniat&ge® Initiator

microwave synthesizer.

Scheme2: General reaction scheme for heme propionate group labelling.

HN Label (;.; equiv.)

R DMF
50-100 °C for 1-6 hrs

3.2.5. Purification of Modifiedheme products

Bis hemeDCCH was purified on a Biotage® KB18-HS SNAP
column with a Biotge® Isolera chromatography system. Reaction product was
diluted from 5001000 pl into 100x MeCN with 2% glacial acetic acldhis
was then added to a Biotage® KR.8-HS samplet 8 g) where a tight brown
band would form at the top of the samplet. Once ttiiy samplet was added to a
KP-C18HS column(30 g resin)hat had been equilibrated with 100 ml of 7
mM potassiunphosphate dibasic buffer at pH 7.0. The samplet was then
washed with 50 ml of the same phosphate buffer. Two gradients were used, the
first gang from 100% phosphate buffer to 100% MeCN in 300 ml. The second
gradient went from 100% MeCN to 50% MeOH in 1240 ml, and finally to
100% MeOH in 100 ml. HemAAF was purified using a GE Sephad¥x_H-
20resin (8.6 ml of resin, column dimensions of 10 mdl0 mm). Theunning
solution was 100 mM potassium phosphate dibasic buffer at pH 8.0.-Heme
AAF reaction product was added in 3800 pl injection volumes and run at a
flow rate of 40 ml/hr with fractions collected at 2 minute intervals. The first

elutedpeak was collected and used directly for incorporation within Bfr.
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3.2.6. Insertion of Modheme into Bfr

Bis hemeDCCH in DMF (3.5x1 mol, 1.0 equiv.) was added to His6
tag Bfr (7.0x16 mol) and placed in a water bath at 80 °C for 10 minutes
buffered with0.2 M MES and 1.0 M NaCl at pH 6.5, as was outlined in
previous researcéf’. After 10 minutes of incubation the sample was left to cool
to 23 °C on the bench. Unincorporated bis hd@CH was separated from
incorpaated bis hem®CCH on a GE SephadB% G-25 Fine column using a
buffered running solution of 5@M Tris and 100 mM NacCl at pH 8.0. Heme
AAF (2.6x10% mol, 2 equiv.) was taken directly from the GE Seph&dd -
20 column and mixed with Hisg Bfr (2.6x1 mol) at 80 °C for 10 minutes,
and then cooled to 23 °C on the laboratory bench, as before -Name
incorporated in Bfr was separated on a GE SepHdd&»x25 Fine column from
unincorporated hem@AF using a buffered running solution of &M Tris and
100mM NacCl buffer at pH 8.0.

3.2.7. MS Experimentation

Crude reaction samples were prepared by taking 5 pl of a 16 mM crude
reaction and diluting into 50 pl of 1:1 MeCNs@ with 0.2% formic acid, and
then taking 5 pl of that dilution and further diluting into 50 ul of the same
solution. This was run on a Waters Micromass MassLynx nanospray
electrospray ionization quadrupole time of flight mass spectrometer. MS/MS
experimerg were performed by selecting the ion of interest and increasing the

collision energy to 4®0 eV.

3.2.8. Anisotropy Measurements
Anisotropy was measured on a Molecular Devices Spectramax
M5 fluorescence plate reader using theggebasic anisotropy protocol.
Sucrose from a 60% stock in 50 mM Tris, 100 mM NaCl buffer at pH 8.0 was
added in 3% increments to a final concentratioB8086o sucrose to the med
heme incorporated Bfr in a Corning® halfea black flatbottom 96 well
microplate with 50 pl of sample in each well and gubBuffer blank well,

which also had sucrose added to it during the reading.
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3.3.Results and Discussion

3.3.1. Heme Preparation and Modification

3.3.1.1. Heme Activation with NHS
The first work with heme was performed by an undergraduate student in the

Honek laboratory, Denise Lieuson. She had started the work with heme
labelling, and successfuleveloped a method for the synthesis of h&hkS,
labelling of heme with Noutylamine (NBA) and labelling with Lucifer yellow,

but was unable to purify any of these products. This work laid the basis for
future synthesis reactions, and to best documergrthgress of the meddeme
project, a terse overview of this previous work will be highlighted here for the

sake of consistency.

Denise Lieuson worked on several methodologies with carbodiimides to try
and activate the propionate groups for functionalizatth amine and
hydrazide containing labels. Heme in its solid form is hemin, which is identical
to heme with the exception that a chloride coordinates the heme iron, and is
only soluble in dimethylformamide (DMF). Therefore all reactions were carried
outin anhydrous DMF. The method that was eventually developed and used for
much of the labelling experimentation to follow was mixing of hemin with a
polystyrene bead linked carbodiimide (€% (2.8 equiv.) and NHS (2.5 equiv.)
in DMF. The product, HemBIHS, would form both mono and bis herh#HS
products, quantities of which varied between reactibiggi(e3.5). The mono
hemeNHS product was not separated from the bis product because purification
would be performed downstream after functionalizing heme with desired labels.
Heme appeared to reacttiicompletion, as monitored by MS with no
detectable presence of free heme, and formed largely the bisNig8ie
product. Evaluation of the ratios of products by MS required the assumption
that the mono and bis products would ionize to the same degreriivith
supressing ionization of the other. Since these were highly similar molecules it
was perceived as a qualitative method to analyse reaction completion and

evaluate mooand bis poduct ratios qualitatively.
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Figure 3.5: Three alternate reactions of heme with NHSA, B, and C) demonstrating the varying
guantities of mono and bis substituted hem&HS. The mono hemeNHS had a calculated molar
mass of 713.56 g/mol, and the bis headHS had acalculated molar mass of 810.63 g/mol.
Structures are also displayed (D).

3.3.2. Heme Modification with Functional Labels

3.3.2.1. Heme Reaction with NButylamine

The first attempted label was a small ligaNebutylamine (NBA), which
established the ability to labeline with a simple ligand. HerldHS was
mixed with NBA in anhydrous DMF for 40 minutes at 100 °C. This resulted in
the formation of predominantly bis her\A, with some of the mono labelled
heme Figure3.6). This established that heme was able to be labelled with a
simple molecule containing an amine using this particular reaction scheme. The
labelledheme produced was primartiye bis product, this was likely due twet
size of the ligand, having little steric hinderance on bis product formation. As
will be discussed, the larger fluorescent ligands showed less bis product
formation than the smaller NBA. Denise Lieuson, with my supervision,
attempted to incorporate tmsodified heme into Hiséag Bfr. The HeméNBA
product was soluble in DMSO, which was used to incorporate intotegsBfr.
DMSO was not an ideal solvent since it was observed to cause some
precipitation of Bfr. This likely led to the low levels of hemighm His6-tag
Bfr. A spectral shift in the Soret peak of heme to 418 nm, indicative of heme

incorporation into His@ag Bfr was observed. However, this was the only
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evidence of rensertion, and no further proof was obtained since this molecule

was not esily distinguished within the protein milieu.

Figure 3.6: The hemeNHS reaction with NBA label, a small alkane containing an aminemonitored
with MS. This small label was substituted primarily as the bis product, which had a calculated molar
mass of 726.73 g/mol. The mono could be observed as a small peak with a calculated molar mass of
671.61 g/mol. The full spectrum (A) and an erdnced region of the spectrum highlighted the mono
and bis hemeNBA peaks (B), with the structures of the moeheme (C).

3.3.2.2. Heme Reaction with Lucifer Yellow

By labelling heme with a fluorescent agent it would be possible to
characterize the incorporation miod-heme in Bfr, and any effects that might
arise with localization of multiple fluorophores within the restricted space of
Bfr. Lucifer yellow (LY) was the first fluorophore chosen to explore for
labelling of hemeKigure3.3). It was chosen because of its water solubility,
which was expected to improve solubility of the final product. Increased
agueous solubility of product would likely enhance the ease of mixing and
incorporation into Bfr. This dye was naoluble in DMF, however, which was
the crux of some of the issues associated with synthesizmgLY in high
guantitiesUpon performing these reactions there was clearly less-h&me
present [Figure3.7). Unfortunately, this product was never produced in high
enough quantities for incorporation into Bfr. In the mass spectrum there was a

second peak observed, which had a nedd4938 g/mol, 27 mass units higher
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than the expected mono product. This was later determined to likely be the
result of a porphyrin modification from the hydrazide functionality of LY,
explained below. The issue of LY solubility in DMF resulted in synghes

issues, which was also observed to be somewhat limiting with the synthesis of
hemelysineNTA. As a consequence of the poor reactant solvent

compatibilities experienced here two alternative dyes were explored.

Figure 3.7: The synthesis of hemd.Y as monitored by MS. Here the full spectrum (A) showed that
the mono hemelLY peak was almost within the background, and only upon closer examination of
the expected region of the spectra where the herh& product would lie (B, C) can one observe the
mono hemeLY product with a molar mass 1013.8 g/mol, which was two mass units higher than the
observed mass. A second product peak 27 mass units higher than the expected mono heyheass
was observed. The labeled metieme structure is displayed as well (D).

3.3.2.3. Heme Reaction witfY-Diethylaminocoumarin3-
Carboxylic Acid, Hydrazide
A coumarin derivative7-DiethylaminocoumarifrB-Carboxylic Acid,
Hydrazide(DCCH) (Figure3.3), was used as a proof of principle to show
that heme could be fluorescently labelled and then incorporated back into
His6-tag Bfr. This dye was chosen because it was soluble in DMF, and

98



therdore would remediate the suspected solvent solubility issues
encountered with LY. The excitation and emission wavelerfgthiBCCH

in MeCN are 420nm, and 468 nm, respectively.

The reaction with heme proceeded similarly to the previous reactions
with NBA and LY, where hem®&lHS was mixed in anhydrous DMF with
DCCH. Reaction completion was monitored with MS, as beféigu(e
3.8). There were threerpduct species obsest in the mass spectrum of the
reaction mixture after synesis: an 873.77, 970.84, and 1131.03 g/mol peak
corresponding to the mono, mono activated, and bis labelled heme DCCH,
respectively. The mono activated heme contained one dye and one NHS
group, whch was able to be further reacted to bis labelled heme by the
addition of free DCCH until all mono activated heme was converted to bis
hemeDCCH (Figure3.9).
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Figure 3.8: Synthesis of hemeDCCH with the full spectrum (A), and an enhanced area of the
spectrum showed the ions of interest (B). The mono her®CCH had a molar mass of 873.77
g/mol, and the bisheme DCCH had a molar mass of 1131.03 g/mol.
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Figure 3.9: Addition of free DCCH dye reacted with moncactivated hemeDCCH at 0 hours
(A), overnight (B), and after three days (C). The disappearance of the moraxtivated peak can
been observed as time progressed.

In addition to the expected labelled peaks of heme there was an
additional peak observed that was slightly lathan the mono heme
DCCH. This peak was 900 mass units, which was an increase of 27 mass
units from the mono herd@CCH. To explore the potential of this ion
belonging to a heme side reaction, MS/MS experiments were performed
(Figure3.10). When the 900 peak was analyzed in MS/MS with a collision
energy of 50 eV the peak fragmented to a 882 peak, signifying the loss of
water from the parent 900 peak, and thus that tbensiecarboxylic acid on
heme was unmodified. This same 18 mass unit decrease was observed for
the 873 peak during MS/MS experiments. This indicated that the
modification could have been an addition to the porphyrin ring.
Confirmation of this was seen withe lack of a 557 peak, which was
observed when the mono heme DCCH was fragmented. This 557 peak was
also seen with the heme fragmentation, but was not observed with the 900
peak. There was, however, a 584 peak, which was 27 mass units larger than
the 557peak observed with both heme and mono RBGEH fragments.
This further confirmed that the likely modification was on the porphyrin
ring. The potential source of this modification was explored. In the reaction
mixture there were few components that cowddéhcontributed to this side
product: heme itself, the DCCH dye, the DMF dolvent, or liberated NHS. It
was noticed that the expected mass for DCCH, 275, was not observed in the
spectrum after the reaction, and instead a 244 peak was observed. This peak
was32 mass units less than the expect mass, whashpossibly a result of

the lossof the hydrazide functionality{gure3.11). The hypothesis of
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