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ABSTRACT

Nanotechnology has become a field of intense interest due to its applications in medicine,
cosmetics, energyndfabrics. The field has evolved to includanodimensionadelf

assembling cage proteins which are multisubunit proteins surrounding a hallity €age

proteins can be engineered with precision, by either chemical, enzymatic or recombinant DNA
methods, to accommodate noative guest molecules both internally or externally. The inside
cavity could be engineered to encapsulate inorganic nered@s or drugs, enzymes, or to serve

as a sizeonstraintreaction vessel for nanopatrticle synthesis. Howesderior modification of

these proteins has not been extensively explored. The most camtiarstudies have included
theattachment of arttodies for targeting. We show that: (1) Thaa¥mini of the subunits of
Escherichiacoli bacterioferritin (Bfr) can be modified by recombinant DNA methodologies to
produce peptide fusi &8fg,0 whigsh amea twehri mend cia@T
bacterial transglutaminase to link substituted amines to the exterior surface of Bfr. These
modifiable tags may be employed in the future for affinity chromatography applications, as
precursors to nanoparticle superlattices and as anticancer drug/imggmglalivery vehicles.

The exact sequence of these tags was found to also control the final quaternary structure of Bfr.
(2) The interior surface can be modified with affinity tags to allow for controllable encapsulation
of functionalized guest moleculemnd we extend previous research by elaborating on the
incorporation of green fluorescent protein, gold nanopartiales micelles with Bfr and the
AQT-Br o constructs. (3) Similar strategies we
thermophilicArchaeogbbus fulgiduderritin (AfFtn), and various engineered AfFtn were studied
with respect to the encapsulation of a range of guest molecules, yet also provide a more open
cavity capable of novel investigations on guest entrapr®nf\n extensive computatiah

docking study was undertaken on Bie heme cofactor binding site which led to the

identification of potential noimeme replacements whigkeretested for control of the quaternary
structure okE. coliBfr. These studies provide several versatile nanedsional capsule protein
frameworks which could be utilized in the future for the production of new biomaterials, as
therapeutics in medicine and expand our knowledge on capsule froteimplatingand protein

engineering.
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CHAPTER 1: INTRODUCT ION

1.0.Overview

Recent advances bionanotechnologiiaveincluded biological materials (biological
nanostructures) with relevant nanometer dimensions. Biological nanostructures have defined
subunits with digh degree of structural organizatiobhisarrangement allows for the precise
modifications of their ad@ssable surfacesxterior, interior, and the interfaces between the
subunitst The applications of these molecuieslude butarenot limited to:materials
engineering;® health*and energy productiot’

Here we show how twnanodimensinal multisubuit proteinsArchaeoglubus fulgidus
ferritin (AfFtn) andEscherichiacoli Bacterioferritin (Bfr) (seen in Figure 1) have been
engineered to encapsulate or display functional guest molecules. We also elaborate on the
modification strategies agell as their applications in various fields of science. Both AfFtn and
Bfr proteinsare roughly spherical with 8 nm and 12 nm interior and exterior diameters,
respectively. Their spherical sha@ee assemblefiom 24 identical subunits. The subursef-
associatavith their Gtermini oriented towards the interior surface and thHerhini towards the
exterior surface of the proteaages® The precise positioning of the-ldnd Gtermini allow for

multiple functionalizations.



12 nm

Figure 1. Crystal structures of Bfr and Aftn. (a) Bfr (1Bfr) capsule with 12 heme cofactors
(within dimer interfaces). (b) The 12 nm AfFtn (1SQ3) capsule with a 4.5 nm triangulail pere.
Figureswere generatedith Maestro softwarechrodingerLLC).

The welldefined Bfr exterior surface&as gentcally fusedwith peptide sequences that
were usedor enzymatic modification on the Bfr surfastereaghe internal Gterminiwere
genetically fusedhexahistidine (k) tags for nickel (II) mediated affinity interactiavith
nitriloacetic acid (NTA)containing guest molecules. AfRivas similarly engineeredith C-
terminal K tags for nickel mediated affinity purification and guest encapsulations. AfFtn
containing a cysteine mutation was also studied as to its ability to be modified for the fabricatio
of a new internal affinity site within the cavity.

Lastly, computationainodelingwas used to identify heme analogs that might be capable of
binding the Bfr heme pocket and hence replacing heme as the Bfr cofactor. Some of the docked
ligands, from the brary, were subsequently obtained from commercial sources and encapsulated
into the Bfr protein and their effects on the Bfr quaternary struetarestudied. This chapter
introduces multisubunit architectures and their applications, followed by a detageription of
the two proteins in the project (AfFandBfr) and outlines the biotemplating strategies.



1.1. Multisubunit Assemblies

Many proteins areomposedf an arrangement of protein subunits. The cage protein
family is comprised of several types of proteins with the architectures that assemble from
homologousprotein chains or a combinatiar different proteirchainst® Their shapes are mostly
spherical with a few other geometries possible such as: tubes (tobacco mosaic virds), TMV
knots(Ketol-acidreductoisomerase, KARY>'2 catenane (Bacteriophag#k97 gp6 capsidj?
icosahedral virus capsids (Cowpea chlorotic mottle vitas)d other intricate structures of well
defined exterior and interior surfaces. Spherical cagegoundn ferritins 1* DNA binding
proteins from Starved cell®p9),!’ certainheat shoclproteinst® hepatitis Bvirus,*® and many
others (Figure 1.1). The spherical folding pattern physically separates the exterior surface from
the interior surface, makg them useful for guest encapsulatapplications?®

Additionally, DNA assemblies have emerged as building blocks for nanodimensional
structures. The advances in DNA nanodevices are due to their ease of production as well as the
ability to build complex yepredictable and controllable twbmensiona* and threedimensional
22 structures from only four base pairs (adenine A, guanireyi@sine Gandthymine T). These
advances have inspired the engineering of E&ed synthetic cagie assemblies to extend

their applications.

1.11. Natural and Synthetic Assemblies

Unlike synthetic polymeric materials, natural polymeric assemblies have easg¢hefssy,
assembly, great structural, and functional properties. Even though the properties of natural
polymeric materials make them versatile, they mayentitelyreplace their synthetic partners.
For example, the tensile strength of tbeghesnhaturalfiber, spider dragline silk (1.1 GPa), is
close to that of steel (1.3 GPAYutnowhereclose to the tensile strength of carbon nanatube
whichis over 100fold?* stronger, coupled with its remarkable electrical propertiesatiganot
foundin natural polymeric materials. The properties of-natural and natural polymeric
materialshaveinspired theproduction ofartificial capsidlike cage proteins. These capsids are
computationally designed from component protein molecules and further asgeritteinto
structures thatavedesirable properties and promising applications in drug delf7ekgiother
form of biomaterial involves the removal géneticmaterial from viral capsids to produce Ron

infectious viruslike particles (VLPs), and these have become of intense current interest. The



VLPs canbe recombinantly producethdcapable okelf-associatingnto their native forms
without their genetic material, but having simidantigenicityto the infectious form. VL® mimic
their parent virus structures (without the genetic materialjpatidatethe immune system
through pattersrecognition receptors on immune cells to induce a potent immune regpé&ase.
example, the commercial HPV (human papillomavirus) vaccine, Gard@gé®&k and Co., Inc)
is aVLP-based vaccine that is capable of producing antibodies againsteti?® infections.
Additionally, the hollow interior of VLP can be used to encapsulate Fugatities ohon
native materialsTauzeand Coursagate reportdte application of VLP in gene therapkhe
interior of recombinanHPV16L1 viruslike particleswas loadedvith GFP genes thatere
successfully deliveremto eukaryotic cells with higheafficiencythan liposome and free DNA

transfer strategie¥.

Figure 1.1. Crystal structures of multisubunit biological assembliega) Vault shell
(PDB:2Q2zV) (b)The icosahedral Cowpea Chlorotic mottle virus, CCMV (PDB:3JVO) (c) the
Bacteriophage HK97 gp6 capsidtenan€PDB:2IMV) (d) The top and sideiew of tobacco
mosaic virus, TMV (PDB:5A7A) (ellumanH-type ferritin (PDB:2FHA). All magesvere
generatedavith Maestro softwareSchrodingerLLC).



1.2 Structure-function Relationship of Multisubunit Assemblies

Recent developments in biology and chemiktrtye showrthat the association of multiple
protein subunitinto rings, tubes, spheremdvaultsis requiredor the proper biological function
of somebiomolecules. For instance, the ferritin cage has been reported to store up to 4500 atoms
of iron invivo,?® even thoughhhe Fe (I) oxidation occurs within the subunit, the oxidizee (11)
is storedn the interior cavitySimilarly, the process of GroEiediated denated protein
folding occurs inside a barrshaped multisubunit structure. Trepairedprotein renains in the
barrel until an ATAnduced conformation occurs to releaseliheseand many more structure
related applications of multisuburissemblies makéem interesting platforms to explore for
materials fabrication

A particular cage protein presemiseeinterfaces fobiotemplating (1) The interior
surface, (2) Exterior Surfacand (3) the interfaces between the subunits. The physical separation
of these surfaces enables cage proteinstergosimultaneous modifications. Fekamplethe
interior of a cage protein cdre loadedvith a guest molecule which che successfullyalivered
to the desiredocation via exterior surface targetirfguthermorethe multiple copies of subunits
presenmultiple copies of amino acid functional groups for modificafidinis featureallows
loadinglarge quantities of cargo molecules on tiatisubunit hosassembly.

Moreover the accessibility ofhe exteriorsurfacefacilitatesthe biotemplatingof these
assembliesasillustrated bythe engineeringf heterogeneousrystals from the electrostatic
interaction between a negativeallgarged cowpeeahloroticmottle virus (CCMV, pl 3.8) and
positively charged (pl ~10.5) avidin molecdlEurtherapplications omultisubunitprotein
assemblies will bdiscussedinder four mairsubheadingq1) Synthesis of metallic
nanoparticles, (2) Drug delivery atfteranosig3) Energy production and water purification and
(4) Materials synthesis

1.2.1 Synthesis ofnorganic Nanopatrticles
Ferritins were one of the first cagroteins used in inorganic nanoparticle synth@sis
could be due to the ease of production and its major structural feature, the restricted interior space
which helps to constrain the size of the synthesized nanoparticle, and the commercialigvailabil
of some ferritinsCageproteins can template the size of the formed inorganic nanopatrticle due to

the proteinbés cavity dimensions. The narrow si



synthesized nanoparticles useful in drug delivery dulkdio tontrolled size which can enhance
their permeability and retéion (EPR) within tumour tissu&.Another advantage @n
encapsulatedanoparticle is its decreased toxicity since the protein shell prevents direct contact
with cells?®

Metallic nanopatrticle synthesis cha achievedhrough either delivering metal ions to the
cage interior and allowing them tmcleatglor chemically be reduced to theercoxidation
state) or by clustering biomolecule subunits abthe preformed inorganic nanoparticle which
are within the dimensions of the cage interior. The first method has been widely used to
synthesize ZnSe nanoparticles wheré*Zons were permitted to diffuse into the interior cavity of
horse spleen apoferritin via its iron transport channels and tnadact with Se (as selenourea)
slowly. The formatiorof a ZnSecompound led to autwicleation and growth of the ZnSe core
within the apoferritin cavity. Polycrystals of Zn8ere formedvith 3 nm diameters whiclwere
anaerobically heated at 500 ° C for 1 hour to form 7 nm, single cubic ZnSe crystals (Figure 1.2).
The synthesizednSe quantundots couldbe usedsubsequently asiological labelsdue to their

uniform size distribution and unquenchable fluoresceigreal°
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Figure 1.2. Production of ZnSe nanoparticle via ion delivery(a) The electrostatic localization
of Zn?*ions to the HosFtn cavity through the ion chanfaten incubation). (b) subsequent
interaction with S& ions from selenourea degradation. (c) Té@ction betwee Zre* and Sé&
leads to théormation of 3 nm ZnSepolycrystals in the cavity. (ubsequent heatirgf the 3

nm polycrytalg at 500 ° C for 1 hjesulted in a7 nm core crystarhis figurewas redrawn from

Iwahori et al°



In addition to the production @honodispersethetallic nanopatrticles, the cage architecture
mediates or enforces metaiystallization Douglas and Young hawhown that CCMV can
mediate crystallization of 15 nm paratungstate/{iO42'%). A control reaction in the absence of
the CCMV templates did not result in the formation of the paratungstate cfystatshermore,
theencapsulatioof preformed nanoparticlegas reportedhy Zheng ando-workerswhere
recombinant apoferritin was ustadeliver gold nanoparticles (AuNP) to SiO surfaddse G
and Ntermini of the ferritin sbunits were modified with goldinding peptides and inorganic
(Ti/SiO2/Ag) binding peptides, respectively. The AuMBs encapsulatday the affinity
interaction between the-terminal peptide and the AuNP surface which resulted in the packing of
the ferritin subunits around the gold nandjoée, and encapsulating the AuNP (Figure 1.2.1).

The packing of subunits can bppliedto various AuNP sizes provided there is the right
kind of affinity interaction occurring between the AuNP and the inner surface of the ferritin
subunit This approach serves as an important strategy for the fabricatioatefials with surface
plasmon resonance propertfés.astly, virus capsids can be utilized to encapsulate quantum dots
by modifying the surface of the quantum dot (QD) viltle base sequence required for capsid
assemblySelf-assemblyof the viral coat proteins resulted in encapsulation of the quantufd dot.
Alternatively, the viral capsids can alé® dissociatetly changing the pH and ionic strength of
the buffer and the utilized to encapsulate narative guest molecule$his approach involved
removal of the genetic material Gbwpea Chlorotic Mottle Virysand the resulting VLP was
used to encapsulate heterogenous CdSe/ZnS quantum dots which were efficientlyzetebyali
HelLacells and RAW 246.Thacrophagewithout anytoxic effect®* These systems can be useful

for imaging and diagnostic applicatgn



Ferritin subunit

Figure 1.2.1. A representation of gold nanoparticle (GNP) encapsulation via subunit
packing. The Gtermini of ferritin subunits were modified with gold binding peptide (GBP)
which interacted with the GNP surface as demonstrated by Zherapavatkers3? This Figure

was generated with Maestro (Satlinger, LLC) and Microsoft PowerPoint.

1.2.2. Theragnosis andrug Delivery

Biological assemblies containing therapeutic agents have pronmaigpligations in
medicine. Some formulations are currently employed in medicine while others are being
investigated in clinical trial$®® 2° The continuous exploitation of proteins for medicinal
applications despite the existing liposomal delivery vehicles is due to their numeransages,
not limited ta biocompatibilityand ease of metabolismorttoxic; well-defined size that
enhances permeabilitgase of modification and productijas well as the availability of
structural and functional information for many protein® Clinical applications otaged
proteins arise due to their generally high stabibigcompatibilityand their ability to dissociate
and associatand encapsulatberapeutic molecules hg hollowednterior serves as a useful
space for drug and imaging cargo and their surfecekl be used for targeting. Examples of
these are not limited to the vivotargeting of arteriosclerosassociatednacrophagewith
tumortargeting LyP1 peptide on the surface of heat shock protein which was loaded with
fluorescent dyes. This arrangent allowed forsite-specificimaging and diagnosis of

atherosclerotic plaqué$Also, Falboet al have demonstrated the potential of ferriimsed
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nanoparticles in the drug delivery area, wheteesurface of human ferritimas modifiedwith
melanoma targetingntibodiesand the interior was loaded with the anticancer agisptatin

The Epl monoclonal antibody specificalrgettedhe CSPG4 melanoma antigeendeliver the
cisplatin to C30 ralanoma cell linesA proper stoichiometry betweamtibody ferritin, and
cisplatin generated a drug with remarkadhé-tumor effects?® Lastly, the iron core in ferritin has
been useds an MRI agent due to itgtrinsic quantum mechanical properti&sThe mineral core
is capable of accelerating transverse relaxation of water protons that leads to black or dark
contrast in tissue¥2 The super magnetiterric oxide mineral was used as a reporter for delivery
of replicativeeffectiveadenovirus (Adv) vector to mouse brain. Tinesencef this vector
resulted in the expression of ferritin subunitich were used to sequester celliar(l) in the
brain tissue and stored as fe(ll) oxide MRI contrastingagent® The medical applications of
multisubunit biological assenikk are diverse with untapped applications. Their structural
properties could enable the fabrication of multifunctional theranostic molecules beyond the
douwble duties illustrated here. There is the potential for buildingil-in-onetheranostic

molecule withintegrated diagnosis, drug monitoring, targeted delivangcontrolled drug

release’®?

1.2.3. EnergyProduction and Water Purificatio n
1.2.3.1. Energy Production

Hydrogen gas production @other applicationf metallic nanoparticle synthesis. Two
groups of researchehave reported the conversion of atomic hydrogen to molecular hydrogen
employing cage proteins. In 2005, Varpnesal. mimickedthe hydrogenasenzyme with a
smallheat shoclprotein {Hsp), the interior of Hsp was loaded witipto 1000 platinum atoms.
Hydrogen gas was produced piyotoreductiorof methyl viologen by Ru(bpy)* which then
transferred electrons to the Pt mineral surface and caused proton reduction. They observed a
comparable ratef proton reduction to that produced by an active hydrag@genzyme’ Recently
Clark and ceworkers presented another route igdrogengas production using the
bacterioferritin heme cotdor. The native heme was replaced with a zinc analog, zinc
protoporphyrin IX, and platinum was encapsulated within the bacterioferritin cavity. The light
activation of triethanolamine resulted in electron release which was mediated by methyl viologen
(asillustratedby Varmesset al) and proton reduction to formzrasobserved



1.2.3.2. WaterPurification

There is anncreasedelease ophosphorusn municipal wastewater since most synthetic
detergents are phosphorebssed. Most of the phospholiszonvertedo phosphate in
wastewaterwhich hasdetrimental effects on aquatite and increasedaterpurification cost.
The primary method of phosphate removal is chemical precipit&ioemical precipitation uses
coagulants to precipitate the phosphate ions, lowering phodphalg butdoes noteach the
0.01 mg/L ecologicdevel. Also, this process expensiverequiring ehigherconcentration of
coagulants and leads to increased sluademe®

An alternative approach to phosphate removal is the biological phosphate removal which
usesorganisms capable of soaking up thieses The idea that ferritin cages cha usedn water
purification stems from the presence of phosphate ion in the Fen{firalcore. Aitkenet al.
observedip toa 1:1 ratio ofe (ll) to phosphate in the bacterioferritin mineral core. Phosphate
ions serve as count@ns for maintaining the positive charge orf*Fand alsaarebelieved to
enhance the rate of core fornuati(by 5fold) by an unknowmechanisnd?! Ferritinmediated
phosphate absorption was illustrated by the thermogPyiiococcuduriosusferritin, PfFtn. The
PfFtnmineral core completely removed phosphate ions in solution with a gram of PfFtn removing
up tol1l mg of phosphate from solutiamlike the chemical precipitation method. Another
advantage of this approach is that the PfFtn cage could be regeneratexdo g purification
cost? A commer ci al example is the fi nBiosdiehcegent
andBiAqgua limited, wholaunched pilotscalePyrococcuduriosusferritin water treatment
system orSeptember 30, 2013. The company has stated that they have produbefithem
protein of this particular ferritin for this purpogetp://www.eucodis.com/

1.24. Materials Synthesis

There are increasing demands for flexiblectronics fohealth monitoring and other
materials applicationg.hisdemand has led tte successful fabrication of inorganic materials
with unique electrical, opticaand plasmonic properties. However, these materials Suffer
sustainabilityandbiocompatibilityissues. Hence biomolecules have emerged as naturally

occurring,biocompatibleand sustainable alternatives. Biomoleculesflaxible and may find
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applications in bendable materials such as phlgedisplays, photovoltaic cells, ligi@mitting
diodesandtheranostidevices™*°

The selfassembling propertyf multisubunit proteingllows them to exigh different
shapes and sizes for one, twadthreedimensionamaterials. For example, the cylindrical
shaped virus particles halieen employeth the fabrication of thin and flexible electronic
devices. Geetically programmed sedssembly was used to immobiliBaTiOz nanocrystals on
the filamentous bacteriophage M13 coat proteins and resulted in a high electrical output (up to
300 nAand6 V) energy harvestindevice’

Alternatively, spherial assemblies can be immobilized otvm-dimensionaklectrodes as
seen in the construction of a ferrHi@sed indium oxide electrode. The electrods
functionalizedwith horse spleen ferritin through a poly-ksine)and poly(L-arginine) linkeron
theindium oxide surface andteractions resultesh the formation of a monolayer of ferritin
coatedelectrode having-13 x10* ferritin molecules per crof theelectrode This ferritin
coated electrode has potential applicatioririagitu voltammetic measuremest*® Moreover,a
onedimensional arrayas reportedy Biswaset al, whereinthey fabricatedip to2.5-micron
longtubesfrom the GroELchaperonirwithout affectingits native functionality, that of a protein
folding chaperone. The rim of the GroEL barrel (Figure 1.2y modifiedwith cysteine
residues which interacted wisipiropyran(SP), inthe presence of Mgand light, to
spontaneousljorm the merocyanine isomer. The merocyanine (MC) inducedassticiation of
the micrometeltong GroELSP/MC fibers. These fibers were capable of aiding in the refolding of
denatured-lactalbumin?’ showing that biological mukassemblies are vergbustand can

withstanddifferent degrees of modification without removing their native functionalities.
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Figure 1.2.2. Formation of onedimensional tubular as€mbly from GroEL -merocyanine
conjugate The assembled compl@ossesseshaperonin activityFigure was generated with

Chemdraw and Microsoft PowerPoint basedhmreport byBiswaset al*’

1.2.6. CatalyticConfinement
The process of encapsulating active enzymes withisutaproteins might be a useful
mimic of the crowded intracellular cellular conditions found within cells. It has been suggested
that the encapsulateshzyme mayave anincreasedate of catalysis due to an increased collision
between the confined enzyme ahd substrate to form tlemzymesubstrateomplex?*&25° For
example, key enzymes (methylglyoxal synthagycerol dehydrogenase, and alcohol
dehydrogenase) involved in the biosynthesis of the compoth@ pRopanediol had higher
catalytic turnover for the compartmentalized enzymes which were confined to a speeific sub
volume while all other metabolites could freely diffuse. Thepartmentalization resultéd a
highercatalytic turnover being measured compared to thecoompartmentalizegathway*®
Converselyexcessive enzymeading inthe cavity may prevent substrate turnogee to
the constrained interior space of the host proteidthis may lead to decreastanover>®

Hence it necessary to control the enzymost ratios in order to make room for the substrate. The
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controlled entrapment of enzymesAlgsts in a caged assembly enables the investigation of the
rates of diffusion of reactants and products. Whemgle horseradisperoxidase (HRP) enzyme
was encapsulatasithin the CCMV capsid, the pores of CCMV allowed diffusion of the
dihydrorhodamin&G substrate into the corEhe observediffusion times of fluorescent

products from entrapped HRP were different from those detected for free HRPpdti:e to
dependenswelling of the capsidvhich is believed to affect substrate mobility in and out of the

capsid.

1.3. Cage Proteins

Cage proteins can be defined as thdaeensional (3D) assemblies of protein subunits that
form an internal cavity when these subunits-asBociate. These tologies are diverse in terms
of dimensions (9750 nm)"52 structure overallfold, stability, andelectrostatic$®'® Despite the
structural vaations, their subunits assemble into structtineshavehollow interior cavities
which can be useful for the encapsulation of a range of guest molecules, targeted guest delivery,
constrained reaction vessels, imagiaggdiagnostic$2%3036a%4 The encapsulated guests
protededfrom the external environmerdimilar to how viral capsids protect their genetic
material. These shells are capable of withstanding very harsh conditions, yet dynamic enough to
release their encapsulated cargos. Their dynamic natarediatedy proteirprotein
interactions between tleeibwits. The exterior motifs are useful in targetingereaghe interior
motifs accommodate the guesblecules.

Interesting cage structures and their possible applicationshleavereportedgure 1)
butthis work focuses on the ferritin family. The ferritin superfanaityl theirstructurefunction
relations willbe described_astly, two types of ferritinsArchaeoglobus fulgiduterritin andE.

coli bacterioferritin (Bfy, whichwere usedn this projectwill be describedh detail.
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1.31. Ferritins
1.32. The Ferritin Superfamily and Classes

The ferritin cagesre subdividedhto: the classical and universal ferritins (maxi ferritins)
of Prokarya and Eukarya the prokaryotic Dps ferritins (mini ferriting)and theheme
containingbacterioferritins in bacteri®.Maxi ferritins are assembleflom 24 subunits with
interior and exterior diameters 8and12 nm, respectively, whereas the mini ferritins have 12
subunits with 8 m and 6 nm exterior and interior diametdfigi(rel.1), respectively® The cages
are also referred to as iron storage containers due to their ability to store ess&ritizh Beable,
bioavailable form. A maxi ferritin cage can store up to 4500 atorimeraf® The bioavailability
of natural iron in most habitats makes it useful for catalytic reactions in many organisms,
requiring organismso regulate the cellular levels of iron.*Fprecipitates under physiological
conditionsdue itslimited solubility®” so ferritins have evolved to store thés in its F&*
oxidation state ifliocompatible and bioavailable forrmsprevent issues associated with iron
toxicity. Ferritin nomenclatures mostly derivedrom the organism whose ferritin is being
studied, suclashumanferritin,'® horsespleen ferritir?® E. coliferritins,>® Arhaeoglobus fulgidus
ferritin,® Pyrococcuduriosusferritin,®° Pseudomonaaeruginosabacterioferritin®® bullfrog M-

typeferritin,%2 and many more.

5nm

Figure 1.3. Composition, structure and size comparison of the ferritin family members
The four alphéhelical bundle that makes up individual suburatsty. The Dspmini ferritin
(21Y4), E. colibacterioferritin with its heme cofactors in spheres (1BFR) and the hurtygmeH
ferritin (2FHA), (ce) respectivelyrhe images were generated willaestro (Schrodinger, LLC)

software.
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1.33. Structural Features ofFerritin

Even thoughdrritins are approximately spherical in overall shape, they have very low
sequence similarity (20%) among their family memi8éts7°%6163 There are various types of
intersubunitassociations that contribute to the overaln2dr or 12merquaternary structures.
The individual subunits from the 24er and 12mer ferritins are allthelical similar to that of
methane monooxygenasdonucleotidaeductasearchaeoferritin, bacterioferritifdNA binding
protein from starved cells (Dps), anthny others from the four helix bundle structure familsf.
Each subunit has four (B) tightly packed lefthanded alpha helices. Successive helices are
connected by a series of short loop sequeexespt that thé-B pair of helicesare connectetb
the GD helices via a long loop sequence (that connects helix B to&dition afifth helix, the
E helix, which is the shortest helix of the subunit, is located at an angle relative to the
arrangement of the-@rminal sequence of the D hdligure 1.3) The individual helices interact
via hydrogen bonding.

Also, there are-3old and 4fold axes of symmetry in the overall ferritinreedimensional
structure where the apices of the rhombic dodecahedron touchd8Zipeint group symmetry
(Figure 1.3.1a). The 3 and 4fold subunit arrangementssultin the formation of 0.8.5 nm
diameter channels that penetrateghell Figurel.3.1b). These channels are useful for iron and
small molecule transporandthe close packing of subunits gate theom unwanted reducing
agents® The arrangement of subunits results in the formationhaflaw interior thatis usedor
iron storage. The amount of stored iron is dependentlthmaravailability. Hencethe cage may

exist with or without an iron core yet maintaintitseedimensionaktructure
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Four-fold channel

Figure 1.3.1. The surface of a Bfr (1Bfr) sheing the symmetry-related axes (a) The 3 and 4
fold channelsare usedor F&* and small molecule transpopyMOL image(b) The electrostatic
potential on the exterior surface of Bfr with pores-&bld axes (red pores) for transport in and

out of the cagéSource: J. Honek)

Some members of the classical ferritins are homopolymeric while others are
heteropolymerié? A particular ferritincage could be composed of a mixtaféeavy light and
middle weight chains having mass#<®2.8kDa, 20 kDaand21 kDa, respectivel§f The 24mer
assembly of eukaryotic ferritins is usually a combination of these homologous chains. An
example iderritin from horse spleerHoSF which is selfassembled from variable amountsH
and L-type chans. Alternatively, homopolymeric eukaryoferritins have been genetically
engineered to possess only one type of these chains such as the htypafeHiitin (HuHF) and
the bullfrog Mtypeferritin.5*

On theotherhand, the mini ferritins have tetrahedraB-{pointgroup) symmetry antbrm
a hollow assembly df2 identical subunits. The interior and exterior dimensions of the mini
ferritin cageareroughly 4.6 nm and 9 nm, respectively. The subunit composition is similar to

many other ferritins; there afeur alpha helices (AD) tightly connected with short loops except
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that they lack the short-@rminal E helix.This E helix is involved in symmetry related
interactions to generate the fefotd channels in ferritins. As a result, there are ffold channels

in mini ferritins, but the @ermini of the D helices engage othefoBd interactions with lower
symmetry that results in a more compact cage architecture, capable of withstanding the highly
negative charge distribution and a cluster of acidic residudseointerior surface andf8ld

axes, respectivel}/:®° Figure 13 shows the size comparison of the three classes.

1.34. Ferritin Self-assembly

Five interacting subunits surround each ferritin subdrtie flexible loop regions of two
separate subunits give rise to a et symmetry arrangement known as dimers. Other
oligomeric forms of subunit association such as trimers, tetramers, as wetidaerdave been
reporte¢f®>® but the exactntermediatesnvolved in he native 24mer arrangement has not been
establishedThus, itis necessary to investigate the species involved in thesséfmbly process,
from monomers to intact 2ders.Analysis of sedimentatiorvelocity and circuladichroism
analyses opH-dependenteassemblghowedhat selfassemblyf horse spleen ferritir{oSH
proceeds from a dimer through to tetramers and octdéifieisyever, dimers and trimers could
efficiently produce80 % of the 24mers in solution while tetramers alodiel notform intact 24
mers>8 This appears to suggest an alternative route fan@dassembly. In order tdentify the
quaternarystructures that lead to aders, Yang andoworkersusedi vi r t ual al ani ne s
identify keyresidues at the-ld, 3-fold and 4fold axes ofE. coli bacterioferritin Nine residues
at the2,3and 4fold axis were designeahd furtheranalyzed via sizexclusion, temperature
dependent CD, dynamic lightatteringandnative PAGE for 24ner formation. Their results
showed that mutation of twef8ld residues (R61A and Y114 A) and onddd residue (R30A)
completely abolished the formation of intactiérs leading to the formation of only dimers in
solution.®” Recently, Huaret al.used Cu(IBinduced sekassembly to study the mechanism of
24-mer formation (for human Herritin) where they induced dimer formation from monomeric
subunits in response to Cu(ll) via the reverse rtetaplated interface redesigiMeTIR)
strategy and found Y39E, N74&)dP88A mutants form monomers that were converted to
dimers upon addition of Cu(ll) and ultimately-B#er shell$8 The Cu(ll)mediated 24ner
formation,andother research suggsshat dimers are the most stable intermedittat

spontaneouslgssociaténto 24-mers in solution. As a result, the residues in the loop region that
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connecthe A-B helix to GD play a vital role inthe assembly process. Thmitation of aspartic

acid residue to lysine in the loop (Asp80K in thildle) thatconnects the dimers in bullfrog-M
type ferritin (BfMFtn)is reportedo decrease the rate of dimer formation and its stability by

abolishing the salt bridge between Asp80 and LysBils,electrostatic interactions within the
dimer interface play erucialrole in the24-merassemblyroces$?*

Thermally stablderritins fromhyperthermophilic organisniso pt i mum ¢€),o wt h
such as?yrococcus furiosuterritin (PfFtn)andArchaeoglubus fulgiduierritin (AfFtn), are
classical ferritins. The PfFtn molecwdghibits thecharacteristic 43pointgroup symmetry of
classical ferritins antlacterioferriting® Both AfFtn and PfFtn have roughly spherical shapes
with ahollow internal cavity, but AfFtn has been reported to exhibis@8metry with four large
pores (approximately 4.5 nm) thagnetratehe shell Figure 1.8 Archaeoglobus fulgidutrritin
subunits are monomeric in solution and -sed$emble in the presencesaft. Thespontaneous
assemblys mediatedy high salt concentrations (> 150 mM). A 432 symmetag observed
when R151 and K150 in theltelix were mutated, abolishing the tetrahedral pores i23fmoint

groupsymmetry?®

R151A and K150A

(in 150 mM Nacl)

Figure 1.32. AfFtn pore closure. Theconversiorof tetrahedral AfFtn (1S3Q) to octahedral
AfFtn (3KX9) upon mutatiorof R151 and KI50 in the Helix. The Figure wasmadewith

Maestro(Schrodinger LLCxoftware.
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1.3.5. Ferritin Iron Homeostass

Iron is one of the most abundant elements im e  eceust, tarkdt8 ability to exist in
different oxidation states makes it important in biological systems. Iroa Wasetyof functions
which include its presence in metalloenzymes involved in metabdliget it can be toxi¢!
Despite it being aessentiabiological facts, a few organisms have evolved that do not require
iron, yet flourish in little or no iron environmentn example id.actobacilli, one of thecommon
bacteria in infant gut?> Also, the Borrelia burgdorferipathogercan causéyme disease at
cellular iron concentrations sindgpossesses iramdependenpathogenesis unlike theast
majority of pathogens which require iron depletimforeinfecting their host? The spontaneous
aerobic conversion of Fe(ll) to the highly insoluble Fe(lll) at newtra(10*8, pH 7§ in
biological systems leads to Fe(ll) deficiency. Iron depletion/ deficienchéas implicatedh
early embryonic deatin mice*as wel | as i n Par kuhususldistribBusondi s e as ¢
ofironinp a t i ramtas attributedo iron-mediated oxidativetress”

Even thoughron is essential for lifgt is necessaryo regulate cellular iron concentrations
due to its limitedsolubility andtoxicity. % Hence many organisms have develoggdes of
machinerysuch as iron transporters and iron storage compartnwrafféctive iron regulation.
Ferritins are forms of iron storage compartments in ar¢hmederiaand eukaryotes. They store
iron in a bioavailable ferrioxyhydroxideform to prevent reactive oxygen formation (superoxide,
hydrogen peroxiddyydroxyl radica). A Fenton reaction involvinge (1) with hydrogen
peroxide (HO.) generatefydroxyl radicals while the superoxide and peroxide species can
undergoa HebefWeiss reaction to generate additional reactive hydroxyl radicals (equation 1).
Excess amants of free radicals could lead to a g@ibpagating chain reaction that destroys lipid
membranes (lipid peroxidation) and hinders other processes such as cell viability, enzymatic
activity, andantioxidantdefensemechanism$® Anotherenzymatic regulatorgystem is the DNA
binding protein from starved cells (Dsp). Dsp has a fetliktimm fold of 12 identical subunits with
a hollow interior for storing iron. Dsp has a DNA binding ihahd an iron sequestration
mechanism that preveriten-inducedDNA damage’
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Fe’"+ 0y > Fe+0,

Fe¥ + H-0, » Fe’*+ OH +'OH (Fenton reaction)

0, + H,0, » 0,+0H + OH (Haber-Weissreaction)

Equation 1: Fentonand Haber-Weissreactions. Drawn in ChemDraw

1.3.6. TheAcquisition and Release ofron from a Ferritin Cage

1.3.6.1. The Ferroxidase Center

The conversion dierrous iron to ferric iromn ferritin occursin the catalytic ferroxidase
center (FC) whiclis locatedn the middle of the foud-helicaldomainsof each subunit
(illustrated in Figure 1.3a). The FC of heteropolymeric ferritinko¢ example, horse spén
ferritin, HOSF) is located in the heavy chain (H subunit) while the light chaibdesreported to
showpH-dependeniron uptake with nofdetectable Fe (II) oxidation. Also, the rateFaf (I)
oxidation is similar to background oxidationfed (I) by molecular oxygen, suggesting that the
light chain has no ferroxidasenter!’ The catalytic center has two iron binding sites (A and B)
that form the dinuclearon-bindingsite in mosferritins,’® but a third site C has been observed
close to A and B towards the interior surface of some ferritins (FigBi@ldand ¢

Due to the variations found in the structurehaf ferroxidaseentersthese centerare
classifiedinto the Hchaintype ferroxdase centers, bacterial ferroxidase cengerdthe
bacterioferritin ferroxidase centers. The FC of eukaryotic ferritins, for exaBidid-, shows site
A and B iron atoms pentavalently coordinated with the site A iron atom coordinated by three
oxygens (hilentate Glu 23 and monodentate Glu 58), one water molecule and one nitrogen from
His61whereadhe B site ironis coordinatedy four oxygens (Glu103, Asp140, GInl13and
Glu58) and one water molecule. The Glu58 residue brisigeed and B Eukaryotic FChinds the

20



native Fe (lll) and other metals suas Tb (II), Mg (Il), Zn (II) andCu (ll). These metal ions

affect the coordinating ligands at the C site as well as its conformation relative to the sites A and
B. Lawsonet al.observed thatb(lll) at siteC of HUHF is coordinated by Glu61 and Gli64

His57 replaces the Glu 64 residneghe presence of Zn(Il) (humantyipe apoferitin)’® and

Glu140 for Mg(ll) bound in soybean ferritfi Mutation of the residues that coordinate a Mg(ll)

ion at site C resulted indecreasedate of Fe(ll) oxidation indicating that site C isessential
component of the ferroxidase cerftér.

Bacterialferritin FC closelyresembles thel-chain ferroxidase center, for examptlee site
A in Chlorobiumtepidumferritin (CtFtn)is coordinatedy Glul7, His53andGIlu50 that bridges
to the B site. The B site iron atasadditionally coordinatedy Glu94 and second bridging
glutamine(Glu30) from site B to C which is further coordinatedGIu49, Glu126,andGlu1298?
This type of coordination is highly conserved in biyperthermophiliderritins, such as that the
Archaeglobusfulgidusferritin and thePyrococcuduriosusferritin.8%° The FeFe distance of
AfFtn is 3.18 A for site A and B/hereassite C is #uated 6.3A from this cent@figure1.3.3
¢).82 The levels of metal bound at sitesBand C could be affected by the crystallization
conditions such as the pH of the crystallization solutions which wadtédtthe
protonation/deprotonation state of the coordinating functional groups.

Unlike the two FC sitedescribedabove, bacterioferritins have a symmetrical ferroxidase
site similar to that observed in the methane monooxygenases and ribonucleotide reductases
(Figure 1.33 b) 8Thesymmetricalferroxidasecenter of Bfr contains a dinuclear iron and a site C
(notobservedn the PDB:1Bfr crystals iffigure 1.3.3 b).2* Unlike the other ferroxidase centers
thereare two bridging glutamates (Glu51 and Glu127) between sites A and B. The A site iron
atomis coordinatedy Gul8/His54 pair and the B site iron atom is coordinated by
Glu94/His130% The dinuclear sites are 3.6 A apBnnore extendethan the observed
prokaryotic ferritins andrchaeglubusferritin above, but similar to othéremecontaining

ferritins (3.7 A inD. desulfuricansand 3.5 A inA. vinelandij).®®

21



RS
.

Ry

- TN

A N DS g
Mineral core & & N

Figure 1.3.3. Ferritin Fe () oxidation . (a) A schematicepresentation derritin iron
homeostasis. (b) The ferroxidases cenbvmated witlin Bfr (PDB:1BFR) subunif{cyan,in red
box)with 2 Mr?* boundexpanded(c) The ABC type ferroxidase site observed in AfFtn crystals
(PDB:1SQ3), all Fe bindingsites are occupied by #déons Theexpanded subunit(in brown)
illustratesthe arragements of theR& atoms at the ferroxidas#es.Figure generated with
Maestro (Schrodinger LLC).
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1.3.6.2. The Pathway oFe () to and from the Ferroxidase Center

Small molecules and charged ions ledievedto enter the cagaterior via a diffusion
gradient. This gradiemxistsdue to the sequence of amiacidslining the pores that are different
from the inner cavity and are believed to aighiopellingthese molecules and iorfsr instance,
Fe?* candiffusein andout of the cavity during Fe homeostasis througrBtrendthe 4-fold axis
of symmetry. However, these axes of symmatg/not aligneavith the ferroxidase center
locatedin the 2fold axis of symmetry of aubunit So,it has become necessary to find the exact
route ofFe (1)/Fe (ll) to and from the cavityThis has led to th@roposalof three possible
mechanisms for Fe(ll) dekry to the ferroxidase centdft) The existence of a ferroxidase
channel, a fold axis of symmetry, that was proposed by molecular dynamics to show a direct
connection of the catgic center to the outside environmén(2) A Fe(Il) chaperone which
induces a&onformationathange in the ferritin that results in local conformational changes in
response to Fe(ll)lhis conformatioal change may lead to ferritin channels that could be used
for translocation. The conformational change is similar to the process of methane and molecular
oxygen transfer in methane monooxygenase (MMO). (3) Human pollg(n@ing protein
(PCBP1) may actsaa chaperone for Fe(ll) delivery to ferritin based on the increased levels of
Fe(Ill) mineral from the interaction between human PCBP1 and ferritin in yeast expression
systems, but this interaction is absent in human cell fitwliernatively, channels within the
cagearchitecturecould be the main route for Fe(ll) acquisition. Analysis of molecular dynamics
simulations undertaken on human ferritin iron uptake indicate that the ferroxidase site directly
connects to the exterior via the ferroxidase chamisb, Fe(ll) reacheshe FC by interacting
with two strong (Asp131 and Glu 134) and two weak binding sites ( His111 and Cys130) found in
the 3fold channef’ Moreover, chemical modification of Cys126 located at tfiel® chanrel in
horse spleen ferritin resulted in decreased Fe(ll) oxidf&taord the crystal structure wbn-
loaded bullfrogM-type ferritin (BfMF) revealed Fe(ll)/Fe(lll) in both 3 and@d channel$®
The Bpore channel at the junction of thiegcterioferritinsubunits is also involved in Fe(ll)
entry®8 Even thoughhe exact mechanism of Fe(ll) entry remains unclear, Fe(ll) may
simultaneously reach the ferritin core through several channels and subsequently to the C site
where it later diffuses to the remaining sites in the ferroxidaserc@hteinvolvementof this site
in iron entry and exits observedn a change in theonformationof its ligands uporie (11)
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binding inArchaeoglobus fulgidukerritin (AfFtn) and the diminishing rate &fe (I) oxidation in
Pyrococcus furiosuterritin upon mutating the coordinatitigands®

To answer the question as to how Bee(ll) is storedat the ferroxidase center, Ebrahieti
al. proposed the Fe(IHFe(ll) displacement mechanism for ferriti?sThis mechanisnsuggests
that Fe(lll) remains in a metastable state at the oxidation site until an incoming Fe(ll) displaces it.
This differs fromthe accepted substrate model which states=hdtl) spontaneously leaves the
oxidation site and proceeds towards the @attbn site after oxidation. This mechanism is evident
in the observation dfe (11) in the ferroxidasecenterof eukaryotiq(BfMF)2® and bacterial
ferritin, Chlorobium tepidunfierritin (CtFtr).8*

Theexcitingstructure andunctionof the ferritincageprovide an extremelinteresting
structural model system for biotemplating. The subsequent seat®hssedn two ferritins
from microorganismg;. coli bacterioferritin (Bfr) and the thermophilic ferritin from the archaea
Archaeoglobus fulgidigAfFtn). Their structural properties and potential biotemplating strategies

areexplored
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1.4. Detail Description of the Ferritins AfFtn and Bf
1.4.1.E. coli Bacterioferritin (Bfr)

E. colibacterioferritin(Bfr) is the iron storage protein B coli. It is a maxiferritin
composed of 24 identical subunits. A heme cofactor is sandwiched betweeeigivboring
subunits Figure 14), making up a total of 12 heme cofactors per intact bacterioferritin. The
as®ciation of identical subunits results in a relatively large protein (~ 450 kDa). Additionally,
each subunit interacts wiflve adjacent subunits to formd82-symmetrystructue (Figure
1.4).%%2Also, the interaction fosubunits generatesfdld and 4fold axes of symmetry thatre
usedfor Fe (I) transport.

The Bfr subunit consists of 158 amino acids having a molecular mass of 18,94thDa
low proline content and a resultant 8Ca¥phahelical content®® The Bfr structureclosely
resembleshe ferritins fran animals and plantsiprsespleen ferritin, HOSF, human ferritin,
HuFtn). However, only 20 % of the amino acids of Bfr are similar to these ferritins.

The roughly sphericafr structurehas arinterior diameter of 8 nm and an exterior
diameter of 12 nmThe association of homopolymeric Bfr subunits results in theridini of
each subunit on the exterior surface ar@nini exposed on the interior surface. Similarly, the
selfassembly of subunigenerateg, 3 and 4 fold axes of symmetry that corgie the interior
to the exterior surface of the Bfr cage. In addition to these chaar@isore is formed which is
found only in Bfr.The B-porein combinatiorwith the 3 and 4 fold channelsre proposetbr
iron and small molecule enteiit in and od of the cage®®

The 24mer capsid in ferritin is aopolymerof two chains, heavy and light chains, but Bfr
is a homomeric assembly of 24 heavy chains. Howéaver ferritin from Pseudomonas
aeruginosas the onlybacterioferritin thatontainstwo different chainsd d )8 The
significantdifference between Bfr and @hferritin members is the presence of the twelve
protoporphyriniX Fe (l) (heme) per intact capsule. These heme moleatteimtercalated
between every two subuniendthey are coordinated by two methioniriesm each of these two
subunits. Moreovethe heme is not accessible to theeriorenvironment duéo a clusteof four
water molecules above the heme cofaaind two extended loops at the dimer interfdcEhe
heme chromophore is responsible for the characteristic absorbances at 417, 530 and 560 nm that
is not observed for ferritins, but similar to the reduction spectsiaytochromeb; hence it was

initially thought of as a cytochrome with ferritiike structure®® The same spectral pattern has
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been observefbr other bacterioferritin family members such as bacterioferritins from
RhodobactecapsulatugRc) Bff*®", Azotobactewinelandii andPseudomonaaeruginosa’®
Finally, bacterioferritincontainsiron at three different locationgl) the ferroxidase centgP) the
heme cofactqrand (3) at the interior cavity where iron is mineralizeccontrastthe classical
ferritins and mini ferritins have iron in the ferroxidase center and inteaiaty.

B f roxidation/reduction chemistry occurs at the ferroxidsis®? thatis locatedn the
four-6-helix bundle of the subunit&igure 13.30). The oxidation/ reduction processes protect the
organism against Reactive Oxygen Species (RUS8$ process occurs at the ferroxidase site as
previously described. However, the exact mechanisms of iron acquisition, oxidaition,
subsequent nucleati@ameunknown. Then vivo core demineralization in bacterioferritin Haesen
describedand a bacterioferrithassociated ferredoxii{d) binds to the Zold channel on top of
the heme molecule in ferritihis brings theB f dirdnssulfur cluster, [ 2Fe2S], close to the
heme group, allowing for the transfer of electrons from [28kto the heme molecul&he
electronsare then transferred the inside of the Bfr cavity, close to the iron mineral and
subsequent reduction of the mineral ¢ .This then reduces the ¥do the soluble Fé form,

which is believed to diffuse out through the protein pores.

Exterior

Interior

Figure 14. Structural features of Bfr. The surface diagram shows the exterior 12 nm
dimensionsandthe interiordimensionis shownin thecartoon The positions of thil- and G
termini are on the exterior and interior, respectively. All imageise generatethe 1Bfr crystal
structurewith the Maestrosoftware(Schibdinger, LLC).
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1.4.2. Archaeoglobus kilgidus Ferritin (AfFtn)

Theferritin from thesulfatereducingmarinearchaeonArchaeoglobus fulgidyss a
nonhemecontainingferritin with 24 identical subunits. Monomerachaeoglobuderritin is
composed of 160 amino acids (approximately 20 kDa) and has a predomaftgindynelical
secondary structure whidblds into the typical foumlphahelix bundlestructure, similar to other
maxi ferritins. Despite the structural similarity, Ah shares onl81 % sequence identity with
human H ferritin and 38 % with. coli bacterioferritin. The AfFtn subunit and overall face
structurally identical to bacterioferritirssd eukaryotiderritins except it forms a tetrahedg-
pointgroup synmetry arrangement instead of the 432 octahedral symn@trgrinteresting
characteristics of fi-tn is its hyperthermostabilitgndits assemblylisassemblyrocess whiclis
mediatedoy variation of salt concentratich.

Theroughly sphericahfFtn hasfour large triangular pores whi@redue to the presence
of Lys150 in the E helix, compared to glutamate and leucine in humaha. axadi ferritins (Figure
1.4.1) The Lys150 residuassociatesith neighboring residues at the fefaid interface.
However the presence of the positively charged residues Lys150 and Arg151 abolishes-the four
fold interface and formour large triangular pores in AfFfhAlso, The AfFtn Ehelix is longer
than the Bfr Ehelix as seen ifrigure 1.6, while the loop segncesonnecting the subunits are
shorter in AfFtn thamfr except forthe 19residueB-C loop. Theshorter loop sequences further
compacthe AfFtn structure andnhancets thermostability. Another thermostabilizing feature of
thethermophilicenzyme iseducing solvenaccessibility?® This phenomenomccus by the
formation of higher oligomers, hexamers, in maxi ferritins. Hexamer formation in AfFtn brings
the amine side chain of Lys 150 close to hydrogen bond with the carbonyl oxygen in Met111 and
further stabilizeshe tetrahedral symmetfyThe mutatio of Lys150 has been found to collapse
the triangular pores and results in the formation of an octahedral (432) symmetry cage identical in
overall shape to the Bfr and HuHritins as seen in figur.

Iron oxidation/reduction in AfFtn is proposed to take place at its ferroxidase center. The
AfFtn catalytic center is capable of binding three iron atoms similar to bacterioferritins with sites
A and Bsituated3.18 Aapart,andsite C is 5.96 A from thetsi B iron atom, towards the cage
interior (Figure 13.3c). The A and B site iron atoms have -Bfpe coordination from glutamates

and histidines. Lastly, the negative surface potential of the AfFtn exterior, similar to other
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ferritins >° has been proposed to direct incoming"Ferouch the triangular pore as well as other

channels (Bpore and old) in thestructure®

Figure 14.1. Structural features of Archaeoglobus ferritin (AfFtn, PDB ID 1SQ3) (a) AfFtn
subunit prown) is similar to a Bfr subunifgreen)except forthelongerE-helix of AfFtn

(brownjn red circle) and the length of8 loop. (b)Cartoonimage of AfFtn showing the 12 nm
exterior diameter. (cyhe surfacef AfFtn highlighting the 4.5 nm triangular porEhis Figure

was generated with Maestro software(1®dmger LLC.)
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1.5. Biotemplating Strategies
1.5.1. Dissociation and Association of Subunits

Multisubunit assemblies may exist in different structural forms in response to different
conditions such as pkemperature, chaotropesnd ionic strength. For example, tiewpea
Chlorotic Mottle Virus (CCMV) undergoes pH anaetalion-dependenstructural changes. The
native capsid transitions to the swollen form when thespidisedrom 5.5 to 6.5 (in low ionic
strength, I< 0.1 M) ashfurther dissociates into dimers and releases its viral RNA at pH 7.5 and
higher ionic strength (I > 1 M). The dimeric CCMV dam reassembled the presence of novel
guest molecules to repurpose the capsBimilarly, the thermophiliédrcheaeoglobus fulgidus
ferritin existsas intact 24mers with 23 point symmetry, with a triangular porehigh ionic
strength buffer (I O 150 mM) and dissociates i
mM).2 On the other hand, the icosahedral bacteriophage, P22, transforms from the empty 58 nm
capsid to the mature 60 nm capsid upon incubation at 65 °C for 10 minutesraadiing the
temperature to 75C results in the loss of several subunits and conveds sec a | Wwlhfite- i
b a I(WB) capsid forn?/?* Both P22 WB shape and triangular pore AfFtn lsarusedor
molecularexchange in and out of the capsids.

Similarly, bacterioferritin subunits catissociatdrom the capsule protein under
declustering conditions suesdecreased pH, hightemperaturesandwith the addition of
chaotropegFigure 1.5); removalof the declustering agent causesssociation of the subunits
into an intact24-mercage. This property makes Bfr arcitingand useful platform for
bionanotechnolog$? and advanced studies in biocatalyaisgmaterials scienceSmall
molecules caibe entrappeato the ferritin cage through then channels, buin orderto entrap
larger, nornative guest molecules it becomes necessary to use theseatagwusichniques to
separate the subunits and later assemble the subunits around the guest molecule as illustrated in

Figure 15.
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pH
temperature

chaotropes '

Decluster

Figure 1.5. The Bfr declustering strategy Large nonnative molecules can be entrapped by
dissociation of Bfr subunits dier thethreeconditions to allow the guest to interact with-a C
terminal affinity tag. The removal of declustering agents causes the subuniesgoogate

controllably and entrap the guest molecule.
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1.4.1.2 Guesttabilization

The guest molecules could enter the cage interior and be stabilized inside the interior
surface by @oncentratiordependenapproach or mediated by affinity interactions. Most metal
ion mineralizatioremploys a concentratiordependenapproach wherein laigh concentratiomf
the guest metal outside the capsule protein is incubated with the intact ferritin and allowed to
passively diffuse into the interior through the small pores in the shell after which they are
precipitated inside the cavi*° The limitation of this method is that thezeuld be nonspecific
interactions between guest and host ferritin, which could resalveakly trapped guest
moleculeand may require excess guest molectdesstablish a diffusion gradient. Despiite
limitations,this method has been successfully used to entrap intact enzyme, HRP, into the CCMV
capsid>?

The second method stabilizes the guest by some interaction, either metal coordination or
norcovalent interaction. Similar to IMAC protein purification, the insides of a cage can be
engineerdwith polyhistidine tags thahteractwith an NTAguest,n the presence of Kfior
Co?* or viceversa aseen inFigure 1.7 .This approachwill be usedto encapsulate commercial
NTA-functionalized gold nanoparticles (5 nm) into both Bfr and AfFtn. Alsoetatmediated
norcovalentinteraction vas employed in the fabrication ofjaantum dot fluorescemCherry
proteincomplex by the interaction betwedinydrolipoicacid on the quantum dot (QD) surface,
and a polyhistidine mCherry protein, containing a caspasteaving sit€”® The arrangement
resulted in Forster resonance energy transfer being detected between the QD and the mCherry
fluorescent proteirwhich was abolished upon casp8@s#eavage to allow for protein sensing.

Alternatively, the hosguest interaction coulde mediatedby a covalent interaction. A
cage protein containing a cysteine mutation e@slently modifiedwvith a fluorescent
maleimide reagent whiatesultedn the encapsulation of a fluorescent dye within the cavity of a
heat sbck protein®” The abilities of both AfFtn and Bfr to decluster and recluséses the way
for the use of strategies tontrollablyencapstdte a diverse set of guest molecules such as
inorganic nanoparticles, quantum dots, dyes, protam$nagnetic resonance imaging (MRI)
agents. As described aboefficient guesencapsulation can be aided by specific groups on the

innersurface of thehost or guest molecules.
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1.5.1.3. Modification of the Heme Cofactor in Bacterioferritin

The heme cofactor in bacterioferritin is ligated to the neighboring subunitéswtiz@oether
axial coordination to a methionine from each of these subdrtiis arrangement exposes the
heme molecule to the interior of the cage, but diasludedrom thesurfaceby thesubunit
proteincoat. Hence thpropionategroups from all the 12 heme cofactp@inttowards the
interior of the cage wheffée (1l) minerdization occursDespitethe presence of multiple copies
of heme cofactors within the Bfr molecule, its exact ieleot completely understood. In 1995,
Andrewand coworkers demonstrated that the heme cofect@ither requiredbr 24-mer
assembly nor &(lll) mineralization since the removal of the methionine 52 (Meth 52) that ligates
the heme molecule does not significantly affect these procE8stmwnever, recent studies,
including work in the Honelkaboratory have shown that the heme molecule is involved in the
stability of theintact24-mer quaternary structu(€igure 16).1°t Moreovet the heme molecule
hasbeen implicatedh Fe(lll) core demineralizatior¥asminet al demonstrated that the eake
of iron from the core is independent of the catalytic activity of the ferroxidase edrgeasthe
process of-e (l) uptake is the rateetermining step foFe (ll) release.The ironrelease is
mediatedoy the heme cofactor which aids the transfer of electrons from a reductase protein to the
bacterioferritin mineral core, hence theditionof small amounts of heme significantly enhanced
the rate of Fe(lll) reduction and Fe(ll) reled%eThe heme cofactor infBcan also be usedr
other applicationsThe ability to modify and reinsert the heme cofactor into the dimenface
hasbeen exploredor Hz production® Alternatively,the Honek laboratory has demonstrated that
other protoporphyn analogs could be insertedthre Bfr dimer interface andsed for
modification of the Bfr interior cavityFigure1.6.1).22° The heme can Habeledby first
activating the propionate groups, followed by a nucleopéttick on the activating group by a
desired primary amin&his allows formodification of theheme witha range of functional

groups. Finally, the heme macrocycle itself can be modified to extend its application
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Dimers

Figure 1.6. Hememediated Bfr 24-mer association Monomeric Bfr subunitspontaneously
form dimers upon heme ligation and ultimatetggiuce an intact 2ter bacterioferritin in

solution.

Diverse Guests
(dye, protein, AUNP)

Heme Conjugates

Figure 1.6.1. Bfr heme-mediated guest encapsulatioriThe heme cofactor has been used in the
Honek laboratory to encapsulate guest molecules by synthesizing heme analogs attached to the
guest moleculéthrough HisNi?*-NTA interaction)and reinserting these modified hemes into the
dimer interface to eventually encapsulate the géestvell as the subunits could bagineered

with affinity groups for guest encapsulation.
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1.5.2. SurfaceM odification

One of the mognhterestirg characteristics of both AfFtn and Bfr is the physical separation
betweerthe Ntermini and Gterminithatare locatean the exterior and interior surfaces,
respectively. A potential application of ferriti;for targetedyuest delivery, where the sucta
contains the targeting moiety that guides the internalized cargo to the desirétegdirgeting
moietycould improve the therapeutic success dfug amm minimize the associated side effects
of treatment The exterior surfaces of these proteinsda@ e modifiedvia genetic methods to
express celspecific peptide sequeng&go bioconjugateantibodies to the surface Vys
conjugatiori® and introduce peptide tags that serve as enzyme substrgpestwanslational
modification®21%3 TheE. colibacterioferritin in this research will be genetically engineered to
display surface tags that are amenable to further modifications employing the enzyme
transglutaminase. Thepeptide fusions coullde attached to the-drminal methionine and be
useful & long as theyo notaffectthe overall quaternary structure of the ferritin cage. The
technique of phage display has been used to identify peptide sequences that have affinity to a host
of molecules, cells and surfaces, and their fusion to the extemfates of a ferritin could
provided additional targeting capabilities to the capsule préttiRecombinantechniquegan
be used to engineer the ferritins into specific enzyme subsffaiswvill allow different enzyme
manpulationson the ferritin surface provided the required sequencesuffieiently exposed
Another way to introduce surface tags is through chemoenzymatitraostationamodification.
This approach labels purified protein wéhzymesubstrate accepttags which are then
irreversibly modified with desired guest molecules in the presence of the specific enzyme.
Examples are the acceptor tag for biotin ligaseLEREPG peptide for sortase mediated
modification, the 12Zner acceptor peptide for phosphofetheine transferase (PPTase) and the
glutamine tag sequence fivansglutaminaseatalyzedeactions.25106

Certain amino acids can be chemically modified by a variety of reagents, provided that the
protein has the desired amino acid residue and in the appropriate position. A typical example of
this is cysteine modification which has been used extensiveth&rcal modification, but
many proteins including bacterioferritin and thechaeoglobugerritin lack this residue, and is
necessary to use other bioconjugate and chemoselamtiveiques thatargetother solvent

exposed amino aciesidues?®’
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Thus, bioconjugatiotechniquexanbe used tanodify proteins. The proteinsan be
modifiedwith specialized reagents to introdwd@nity labels, catalytidunctionalitiesand
modificationsuseful in targetingpplications:®® The AfFtn and Bfr capsids contain varying
amounts of the 20 amino acidscept forcysteine Aspartic and glutamic acids, lysine, arginine,
cysteine, histidineandtyrosine are frequently used for bioconjugation. The carboxyl groups of
aspartate and glutamate can be activated by a carbodiimide reagent, sethyh8-13-
dimethylaminopropyl) carbodiimid@&DC), or carbonyl diimidzole(CDI). The activated
compounds can then be reacted with a desired nucleophilic reagent. Lysines and cysteines can be
modified by alkylation and acylatiaeactionst?%1%

Secondly, the surfaces of ferrittapsidscanbe modifiedwith organic and inorganic
moieties throughioorthogonakonjugation. Bioorthogonal conjugation also uses geneti
engineering to introduce namative functional groups, unnatural amino acid, on different sections
of the proteinunlike geneticfusiontags thaaregeneticallyrestrictedo the termini of the protein
sequence!® Recentlythe surface of hman ferritin was modified by genetic engineering to
introduce the unnatural amino acighdidophenylalanineshich subsequentlyas utilizedin click
chemistry tammobilize alkynes and smatargeting moleculeonto the protein surfacdé? Other
reagents such asazidohomoalaniné'! p-acetophenylalaningAcF), andp-azidophenylalanine
(pAzF) havebeen successfully uséar biorthogonal modification of many proteif's Figure 17

below illustrateghe chemicalmodification of ferritin to display diverse functional molecules.

A

Figure 1.7. Ferritin chemical modification. The amino acids on the surface could be modified
via genetic engineering, chemical modification or by biorthogonal approaches to display
contrasting agents, antibodies, peptidasdother functional group#\ chemical modification

approach is shown.
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1.6. Project Goals
1.6.1.SurfaceEngineering of Bfr and Exploration of ChemoenzymaticM odification of the
Eexternal Surface

The ability to overproduceng to gquantities of several ferritins in different microbial
expression systems has increagedpplications in sciencé*'16%° Many of the published
studies in this area have foedson the interior surface of the cage with less attention focused on
developing flexible strategies to modify the exterior surface, even though it is emuaihableo
strategic modificationFurthermore, one of the advantages of ferbtised drug delery vehicles
is its ease of endocytosis by cell surface receptors, but this peatgsfrom non-specific
internalizationt!**® Hence|t is of interest to explore strategies to engineer the ferritin
biomolecule for guided/targeted delivery antdhging applications. Additionallghe surface
modification could generate materials with unique characteristics by a careful selection of
reagets and ligating groups and expand the application of ferritins as building blocks for the
fabrication of new proteiased polymers'®

In this project, the Bfr nanoplatform will ngineered inta largeenzymesubstrateFirst,
the surface/ external tags will be evaluated for their abilities to convert the Bfr subunits into
enzyme substrates. For example, the @@&agonstucts will be incubated with the TGase
enzyme in the presence aprimaryaminesubstrateThe covalent attachmeat the primary
aminewill be analyzed for adductsy employingmass spectrometry, SEFAGE, fluorescence
spectrometry (foamineswith fluorophores), an@EC @nd U\tvis absorption) utilizinghe
associated wavelength of the ligands. After thatctimestructswill be characterized for
quaternarystructuresvia SECand their abilities to be reconstituted with heme to forrm24s
similar to HisBfr. Also, the effects of the linker sequence on thm2dreconstitution will be
evaluatedemploying both SEC and TEM. Lastiyne tendency for these constructs to serve as
potentalhon target o drug del i v eyencapsuatng gudstarmleculés! | b €

in the 24mer capsules and then modifying the surface of the encapsulated capsules or vice versa.
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1.6.2. Studies on th&ncapsulation of HisGFP within WTBfr and AfFtn

Theuse of BfrandAfFtn ferritins in this project further extends the scope of ferritin
bioengineering. Fonstancethe Bfr presents the additional heme cassette as atreegyto
mediate guest encapsulation. Work in the Honek laboratory has focused on bactarioferriti
engineering via protein subunit (both exterior and interior) and cofactor modifications (both and
in silico). The heme cassette has been previously used to encapsulate hydrophobic molecules,
dyes,andanintactgreen fluorescent protein, while subunidification has led to the
encapsulation of 2 and 5 nm gold nanoparjd&eptavidinandeven arupconversion
nanoparticlg?%122

The two ferritins will be chemically modified with NT#nctionalities For AfFtn, the
AfFtnC54 mutant will be used for this application by using maleimide chemistry. The
modification will be analyzed by maspectrometryand then the NTAnaleimide functionalized
AfFtnC54 (AfFtnC54NTA) will be used for encapsulating Hiagged enzymes. The effects of
NTA modification on the 24ner structure will be studied with SEC. The optimized conditions
for formingthe 24-mer AfFtnC54NTA will then be used for encapsulating the enzyme. The main
goal of enzyme encapsulation within AfFtn is to further probe the structural significance of the
open triangulaporein AfFtn structurehow thepore shields substrates from therapped
enzyme and the overall protection of the entrapped enzyme.

On the other hand, Bfr will be engineered to encapsulate HisGFP using the heme cassette.
The ability toreinsertthe heme cofactor into the dimer interface and favem24 formation will
be used as an approach to reinsert heme analogs. The heme will be mdadifigdvia NHS
ester activation followed bglysine-NTA modification to form the bisNTAeme analog. The
produced heme analog will be characterized and then reconstituted into WTBfr to produce
bisNTA-hemeBfr. The WTBfrinteractswith HisGFP in the presence of lunder declustering
conditiors. Theencapsulated HisGFP will be evaluated for protection against fluorescence

guenchers.
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1.6.3.HydrophobicEngineering of Bfr

Engineering of Bfr willbe studied to extenthe previous work on the hydrophobic
engineering of the internal cavity of Bfr so that it can encapsulate hydrophobicrmlestiles
The project will &so evaluate the contribution of fatty acid length &mel number of Hidagged
Bfr subunits to wild type subunits the hydrophobicengineeringf bacterioferritin The
following experiments will belescribed (i) Theoriginal CLIONTA will be encapsulateohto Bfr
capsules containing 50 % WTBfr and 50 % HisBndacomparson ofthe sizes of the micele
encapsulated Bfr to the previous wavitl be made (i) The contribution of fatty acid chain
lengthwill be investigated with CI4NTA and C16NTA. These short chains will be encapsulated
into 100 % HisBfr ad analyzed with SEC, +ES8IS, and TEMJ(iii) The extent of hydrophobic
engineering will be evaluated with pyrene fluorescence and analfiitentrifugation

1.6.4. BfrPharmacophore Modeling

Computational docking studies employing virtual compolibrdries ever19 million) to
determine if this type of approach can identify molecules to replace the heme group in Bfr and
hence to find small synthetic molecules that
ligands (compours) identified from dockingexperimentsvereobtained from suppliers and
reconstituted into the Bfr and analyzed with DLS, SEC, and TEM.
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CHAPTER 2: EXPERIMEN TAL DETAILS

2. Materials

All buffers were prepared with doubly distilled water (DY and filteredhrough 0.2or
0.45 um disc filters (GTTP filters from Millipore) depending on the application. Other reagents
were obtained as follows: Plasmids (Novogen, Mississauga, ON, Canada); Primers (Sigma
Genosys, Oakville, ON, Canad&ustom gene synthesis (Genapt Inc);Enterokinase, light
chain ( New England Biolabs, Whitby, ON, Canad®@rombinant Enterokinase (Addgene,

Cambridge, MA, USA); Streptavidifrluorescein Isothiocyanate conjugate (Streptavidin FITC)
(SigmaAldrich, Saint Louis, MO, USA)RNase A er t E Lab kit (Ther mo Fi s
Mississauga, ON, Canada); RNas@a§ peptide APEXBIO, Houston, TX, USA); Subtilisin A.
(SigmaAldrich, Saint Louis, MO, USA); Hemi(SigmaAldrich, Saint Louis, MO, USA); (N-
(+)-Biotinyl-6-aminohexanoyiNg Ni-bis(carboxymethytL-lysine tripotassium salt (BiotiX-

NTA) (Biotium, Fremon, CA, USA); Microbial Transglutaminase (MTGa@&DIRA GmbH,

Darmstadt, Germany); Maleimide NTA (AAT Bioquest, supplied by Cedarlane, Burlinton, ON,
Canada)Ni-NTA-NanogoIt’f (Nanoprobes, Yaphank, NY, USATEM grids(FormvarCarbon

400 mesh; Ted Pella, Redding, CA, USA); Molybdic acid (§NM07024) (SigmaAldrich, Saint

Louis, MO, USA)

Chromatographic column and resise p h a ¢ 400 HE an®&S00 HR (slurry) (GE
Healtrcare Biess ci ences, Pittsburg, PA, USA); HiTrapk
benzamidine FF (HS); Super ossiénces, Pittsburg3mA) GL ( GE
USA):; Se p-hlafihe(SEHe8thcareBisci ences, Pittsburg, PA,
1.3 mL monolith ion exchange column and Madcep® High S resin (BiRadLaboratories,
Mississauga, ON, Canadla
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2.1. Introduction

This chapter describes the instruments and methods employed in this project. The
experimental section begins with protproduction, followed by the various approaches
employed to modify the proteins and the techniques used to analyze these modified proteins. The
experiments in this section focus on engineering two miarédrritins: E. coli bacterioferritin
(Bfr), andArchaeoglobus fulgiduterritin (AfFtn) platforms on their inngBfr and AfFtn)and
outer(Bfr) surfaces. The interior modification is useful for the encapsulation of novel guest
molecules such as gold nanoparticles, lipid/surfactant molecules,pnéeins (such as Green
Fluorescent Protein (GFP),ugbhydrolase, and Streptavidli©uter surface modification was
achieved via the recombinant DNA modification of Bfté&tmini with peptide tags (Glutamine
containing tags recognized as substrates femdenzymatic reaction with the enzyme microbial
glutaminase or Sortase tags which are peptide sequences that can be utilized by Sortase enzymes
for chemoenzymatic coupling with a-sabstrate peptide or protein which has a sequence that the
Sortase enzymean react with).

Streptavidin and GFP were utilizedasprobc oncept MAguestso to show
the Bfr cage to encapsulate more complex biological molecules. Different constructs of ferritins
were designed to enable encapsulations of thes&t gwplecules; Streptavidin encapsulation
utilized the interaction between a nitrilotriacetic acid (NTA) andtilgsto capture biotinylated
StreptavidilF I TC ( SF). The protein fAihosto plat-for ms
terminal Histag (HsBfr and HisAfFtn) fusiorto interact with the biotiiNTA molecule in the
presence of nickel (Il) ions. The encapsulation of GFP utilized a reverse polarity approach to
exemplifyhowHist agged fAguesto proteins coulThe be encarg
propionate groups of the Bfr heme cofactor were functionalized with N-big(carboxymethyk)
L-lysine and this modified heme reconstituted into wyide Bfr (WTBIfr) to interact with the
His-tagged GFP during the encapsulation procedure. In conif&h was designed to utilize an
interior CysNTA moiety to interact with the HisGFP during the encapsulation procedure. The
CysNTA was the result of the chemical modification of a cysteine residued{sieted
mutation; the sole cysteine residue ifiFh) by the reagent {b-(3-maleimidopropylamida)l-

carboxypentyl) iminodiacetic acid (abbreviated as maleir@eNTA).
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Encapsulation of hydrophobic molecules within the Bfr cavity was explored by utilizing
NTA-functionalized lipidsnonadecanoyNTA (C19-NTA), palmitoy-NTA (C16-NTA), and
myristoykNTA (C14-NTA) which also interacted with Hiagged Bfr vianickel (lI) ion-
mediated affinity interactions. The lipids were encapsulated viamagated micelle formation,
wherein the surfactant molecul@s complex micelles) were made to interact with declustered
His-tagged Bfr subunits followed by hemgediated reclustering to the-Pder capsule which
constrained the hydrophobic surfactants to the Bfr interior to form a micelle or a hydrophobic
aggregat. Conversely, a preformed micelle with known dimensions could also be encapsulated
via the same NTANi?*-His interaction.

The encapsulation of inorganic complexes for applications in imaging and diagnostics was
studed using 5 nm gold nanoparticles (AuNP). The AuNP particle has NTA functionalities
exposed on the surface through a proprietary polymer (~ 1.8 nm long) which is attached to the
outer surface of the AUNP. The HisBfr and HisAfFtn constructs interactedhgithuNP
similarly to the micelle. All the encapsulated guest molecules within the ferritins were studied
employing transmission electron microscopy (TEM), and size exclusion chromatography (SEC)
was employed to monitor specific wavelengths associatedatguest and ferritin molecules.
Fluorescent guest molecules were further analyzed utilizing fluorescence spectroscopy, and
fluorescence quenching experiments were used to confirm the protection of the guest molecules
within HisBfr from collision quencimig agents such as iodide. Mass spectronveisemployed
to obtain the relative masses of the guest and host materials in solution and to also confirm the
presence of the guest molecule within the §i@fied ferritins.

The ability to remove and reinsdine native heme cofactor back into the Bfr dimer
interface and eventually, due to reclustering, within the intact ferritin, allows for the heme moiety
to act as a ficassette or moduled to add addit:i
bacterioferritin saffold. The heme cofactor has been observed to play a significant role in the
formation of an intact Bfr 24ner?°It has been reported to play a roieFe’* reduction.!%? The
hememediated 24mer formation was studied further by replacing the natural vathe
commercial analogs and analyzing how they affect the formation of the Bfr quaternary structure.
A protoporphyrin IX molecule and two otheRrotoporphyrin IX dimethyl ester, Protoporphyrin
IX Zn (1) were utilized in these experimental studies. Alsamputational docking calculations

were undertaken, using Molecular Mechanics (MM) simulations, to identify additional molecules
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thatmight be capable of binding within the heme pocket; the Maestro computational séffvare
was used for this purpose. The applications used to providéeddianding information between
the Bfr receptor and molecules in two commercial databases from Schrodinger. These were the
CAP2011 and theAldrich Market Direct® Phase Database. Molecules predicted to have very
good binding affinities (and a few weak ders)were purchased and reconstituted into WTBfr to
study if the compounds could also act in a similar fashion to the natural cofactor heme to stabilize
the 24mer quaternary structure (Chapter 4).

Exterior surface modification of Bfr was achieveddxyending the Nerminuswith
sequence tags which allowed Bfr to undergo enzymatic modifications on its surface to attach
various compounds to its surface. One tag was also empiogedould decorate the surface
with S-peptide, a fragment of the RNas@r$tein, which upon recongtin with the RNase S
protein, should reconstitute the protein and result in reactivation of the RNase enzymatic activity
on the surface of the ferritin. The Qtags were dsetransglutaminaseatalyzed reactions on the
ferritin exterior surface. The Qtagl and Qtag2 peptide sequences are double duty constructs since
they are both reported to be MTGase substrates as well as capable of reconstituting RNase S
activity when bound to the RNase S protéfit2* Qtag3 and Qtag4 Bfr both have the MTGase
substrate sequeaceported by Lee and cowork&fbut with slightly different (Gly) linker
lengths Figure 2). AsortTagBfr construct was also designed to enable Bfr to undergo sortase
mediated modifications. Additionallyhie constructontaining an Nerminal deceHistidine tag
followed by an enterokinase proteolytic site and followed by tterdinus of the Bf(termed
the HTEKBfr construct, figure 2c¢) was intended to aid in the preparation of a form of the wild
type Bfr (termed HWTBIr) after subsequent protein expression followed by metal affinity
chromatography and then enterokinase incubation to cleave ditagiequence from the-N
terminus of Bfr. This approach was taken to address initial challenges with the expression and

isolation of wildtype Bfr from a plasmid that coded for this form of the protein.
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Tag
QTagl
QTag2

QTag3
QTaga
SortTagl

Sequence
MKETAAAKFERQHMDSPDLH
MKETAAAKFERQHMDSGGGG

MERLQQPTGGG
MERLQQPTGGGG
MLVPRGGGGG

EK WTBfr

Enterokinase
(EK)

v HWTBfr

Figure 2. The Bfr constructs designed for surfae modification and Wild-type production.

(a) The original HisBfr construct with-@rminal H tags were recombinantly modified with five

differentN-terminalsurface tags into five new Bfr constructs, shown in the tdlbie red

segment is the tag sequence and green is the linker sequerceeib@sentation of the

constructs with bth exterior and intericiags The red shape represgtite HisBfr subunit with
He tags to the interior and yellow-términi surface tag¢c) Shows the production of HWTBfr

from the HTEKBfr construct havingn enterokinase recognition sequence.

Additionally, thethermostable ferritin from thaehaeaArchaeoglobus fulgidus,

abbreviated as AfFtn, was explored in this work. The primary objective was to encapsulate a

glycohydrolytic enzyme within the interior cavity of this capsule protein (~ 12 nm in diameter)

andverify it it is protected against heat and explore its ahidititydrolyze a small substrate
which could diffuse through

t he

host 6s

arge

being hydrolyzed. This work would be a pragfconcept that the substrate profile of an enzyme

could be controlled by the paity of the nanoparticle cage surrounding it. The protein was

characterized similarly to the steps used to characterize HisBfr due to the similarity in structure

(except that the triangular opening in AfFtn is larger than the narrow pores found in
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bacteriderritin). Streptavidin and AuNP were encapsulated within the interior of the AfFtn cage

to understand how it might accommodate guest molecules. Previous work in the Honek laboratory
has shown the protection Bfr-encapsulated Streptavidifluorescein Isthhiocyanate (FITC)
conjugateabbreviatedherein as B#SF, from iodide fluorescence quenching. However, it is
envisaged that a collisional quencher such as iodide should be able to quench the fluorescence of
the guest entrapped within AfFtn due to thgdatriangular openings in the AfFtn host and the

ability of iodide to freely diffuse through it.

His-tag GFP
0
t AfFtnC54
N—NTA
0 His-tag glycohydrolase__
maleimide-NTA
Products:
Still Active?? Substrate: Monosaccharides?
oligosaccharides Disaccharides?

Trisaccharides?
Or No hydrolysis??

Figure 2.1. A representation ofArchaeoglobus fulgiduderritin (AfFtn) catalytic container .
The guest molecules are encapsulated by employing an Afsteirogy
modification(AfFtnC54)which is chemically modified to attach an NTA affinity tag.
Alternatively, and not represented in this figure, streptavidirC can be encapsulated by metal
affinity interactions using the-@rminal Histagged AfFtn. The empsulated guest molecules
will then be analyzed for their protection (GFP and StreptagdliC) from quenching agents

their catalytic effects (encapsulated enzymes sucluesigfdrolase).
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2.11. Design and Expression of BFr Constructs

Theoriginal DNA/protein sequences for witgtpe bacterioferritin (WTBfr) and the-C

terminal Histagged fusion version of bacterioferritin (HisBfr) were designed by Dr. Uthaiwan

Suttisansane@and Dr. Elizabeth Daub and the DNA and protein sequences for foibigse

constructs are shown rable 1 and Appendi&, respectivelyAdditional engineered versions of

the Bfr protein were custom gene synthesized by Genscript (Piscatawayabibdgsigned by

Professor Honeklhe constructs that wedesigned were: Qtd-Bfr, Qtag2Bfr, Qtag3Bfr,

Qtag4Bfr, and SorttagBfr the tag sequences are in Figurard the entire protein sequense

presentedn Table 1. WTBfr and HisBfr proteins were overproduced frampicillin resistane-

containingpET-22b (+) plasmidsywhich contain dac operon promoter, whereas the kanamycin

resistage-containingpET-29b (+) plasmid was used for the QtaBft construct. The pER9b

(+) plasmids with S8ag sequence (a subtilisin digest of RNase S protein) at-teenNinus and a

C-terminal hexahistidine tag for purification was combined with thed&m-22b plasmid. The
plasmids were then cut with both Bglll and Xhol restriction enzymbih resulted in ligation
of theBfr gene to the new vector that provided ata at the Nlerminusfor surface

modification(Appendix 8) Thelac operon promoter allows for isopropylthegalactoside

(IPTG) induction during the production Bf coliQTagtBfr. QTag2Bfr was designed similarly

to QTaglBfr above; the only difference is in the sequenicine linker that ligates the-&g to
the surface of HisBfr (transformed into
transglutaminase (TGase) substratesamdainthe Speptides for RNase S reassembBfThe
QTag3Bfr and QTag4Bfr constructs were designedsed on a knowfiGase substratd® The

latter construcused for surface modification was SortTaghich allows for sortasenediated

enzymatic modificabn of the outer surface of Bff® The genes were further isolatenploying

DH5 U

a QIAprep Spin Miniprep Kit (QIAGEN, Toronto, ON, Canada) and transformed into competent

E. coliBL21 cells via heat shock for protein expression. Similarly, three mutants of-8tag2

(Qtag2E86A, Cag2K22A, Qtag2K22AE86A) were designed to study the effects of changing
two of the Nterminal residues on the ability of the variouseximinal tags to form the intact 24

mer.
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HisAfFtn

MASISEKMVEALNRQINAEIYSAYLYLSMASYFDSIGLKGFSNWMRVQ
WQEELMHAMKMFDFVSERGGRVKLYAVEEPPSEWDSPLAAFEHVYE
HEVNVTKRIHELVEMAMQEKDFATYNFLQWYVAEQVEEEASALDIVE
KLRLIGEDKRALLFLDKELSLRQFTPPAEEEKLEHHHHHH

AfFtnC54

MASISEKMVEALNRQINAEIYSAYLYLSMASYFDSIGLKGFSNWMRYV
QWQEELCHAMKMFDFVSERGGRVKLYAVEEPPSEWDSPLAAFEHVY
EHEVNVTKRIHELVEMAMQEKDFATYNFLOWYVAEQVEEEASALDIV
EKLRLIGEDKRALLFLDKELSLRQFTPPAEEEK

HisGFP

mM<ITOoOATZ
XOXO<W0Wyp
ITrrogO<uy
O>M>< 0T
IO<X<c00OT
T IZx0MT

@xx

A

T

0

HTEKBfr

GHHHHHHHHHH MKGDTKVINYLNKLLGNELVAIN
QYFLHARMFKNWGLKRLNDVEYHESIDEMKHADRYIERILFLEGLPN
LOQDLGKLNIGEDVEEMLRSDLALELDGAKNLREAIGYADSVHDYVSR
DMMIEILRDEEGHIDWLETELDLIQKMGLQNYLQAQIREEG

HisPfFtn

MLSERMLKALNDQLNRELYSAYLYFAMAAYFEDLGLEGFANWMKAQ
AEEEIGHALRFYNYIYDRNGRVELDEIPKPPKEWESPLKAFEAAYEHE
KFISKSIYELAALAEEEKDYSTRAFLEWFINEQVEEEASVKKILDKLKF
AKDSPQILFMLDKELSARAPKLPGLLMQGGELEHHHHHH

Table 1. Protein sequences for the major constructs used in this projedthe highlighted

residues represent tRely histidinefusion tags as well aautations (AfFtnC54). The fermini

colored segments (red is the tag and green are thedirékerfor surface modification (Qtag and

Sort tag) ad enterokinase (EK) recognition sequence (HTEKBTr). The decahistidine (purple)

segment in th&ITEKBfr sequene was used for IMAC purificatioand the EK recognition

sequence (orange) was used for-tdig removalThe corresponding DNA sequences for these

constructs are in Appendix 8.
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Protein expression was achieved by inoculating a single bacterial colongrirémmpagar
plate (or a Karagar plate 100 ug/mL Amp or 50 ug/mL Kan) into a 1.5 L LuiBertani media
(LB-15gBict r ypt one, 15 g NacCl, 7.5 gtoveée@mcdand Cul t
protein expression was induced with 1 mM IPTG and iatedbovernightvith shakngat room
temperature. The cells were harvested by centrifugatié®71g for 30 min in a Beckman JA10
rotor. The harvested cells were resuspended in 50 mL lysis buffer (100 mM NacCl, 50 saM Tri
pH 8.0, 1 mM PMSF, 1 mM EDT)pPandthen homogenized at 17000 psi on an Avestin
EmulsiflexC5 (Mannheim, Germany) with cooling. Insoluble proteins and DNA were pelleted by

centrifuging at 20,009 for 40 min in a Beckman JA 25.5 rotor.

2.12. Purification of His-tagged Proteins
All He-taggedvariants Table 1)were purifiedby heat shock at 70 °C for 10 minutes and
IMAC chromatotraphyThe c | ari fi ed protein solution to an
HP column (Binding buffer: 50 mM TrgH 8, 100 mM NaCl, 20 mNmidazole) attacteto a
BioLogic DuoFlow Chromatograph (BIBAD) instrument The protein wakaded onto the
column with binding buffer and washed with about 10X column volumes (CV) until the UV at
260, 280 and 418 nm readings stabilized (and then thev&2eroed). The dund protein was
then eluted with buffer containing a higher concentration of imidazole (100 % of elution buffer:
50 mM TrispH 8, 100 mM NacCl, 300 mM imidazol€jhe molecular weight of the subunits of
proteins in the isolated chromatographic fractions estimated employing a 15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (PIB&E) protocol. Positive electrospray
mass spectrometry (+E8MS) was further used to verify the protein monomeric mass. The
purified proteins were then quantifieding UV-v i s a b s mo= B1430 créM ' fotBfr,
33920 cmtM1 for AfFtn), aliquoted into small storage tubes and then stor&®l@t e C f or f ur

experiments. The purification steps are summarized in Figure 2.2.
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Pellets were resuspended in
Lysis buffer and stored @-80 ° C

Cells were thawed on ice and
Incubated with protease

inhibitors with rocking/stirring @ 5 ° C

a) Asingle colony

O o ®

was inoculated into Cells were harvested by
LB and shaken @ 37°C centrifugation
ﬁ

b) Induced with IPTG
¢) Shaken for 3 h - overnight

. The clear supernatant

Boil (70 ° C for 10 min)

was separated . i
— ‘ .o P
@ DNA and insoluble proteins g
were removed via centrifugation 3 | (—
Clarified lysate was loaded onto m— ——
. Resuspended cells were lysed
IMAC (his-trap) column
connected to A Bio-Rad duoflow IMAC Run SDS-PAGE
chromatographic system o
16 — Flowthrough
14 <~ ; - 100 e o]
12 f \ % e
1 8
038 Ly F
— 3 0 6 0 i
: ) 04 — 2]
H Fractions were analyzed - o
on SDS-PAGE 0 The masses of the pulled »
o 1 fractions were validated »
i on +ESIMS w g T

time/min a

16000 18000 20000 2000

Figure 2.2. Schematigepresentation of the Histagged protein overproduction and
purification . The WTBfr production only differs at the chromatographic step, where ion
exchange chromatography or ammonium sulfate precipitation is employed folhgvsex

exclusion chromatogréuy.
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2.13. Purification of WTBfr

The WTBTr protein was expressed similarly to the other constructs. However, the
purification process was different due to the lack of tHer@inal hexahistidine tag. The
harvested cells, from 1.5 L of culture, weesuspended in 100 mL of lysis buffer (50 mM
MOPS pH 7.4, 5 mM MgS@®@, 1 mM PMSF) and then frozen#® 0 e C. The cBlI8 mL t h.
wereincubated with DNase (50 pug) and RNase (50 pg) at room temperature for 30 min and lysed
at 17000 psi. The lysate wesntrifuged for 1 hts20000g, and the lysate was applied to a-pre
equilibrated BioRad UnoQ1 column (50 mM MORSH 7.4, 5 mM MgS@. The column was
washed with the same buffer until the absorbance at 269, 280 and 418 nm decreased to 0 OD,
bound proteinsvere then eluted with 100 & 50mM MOPS pH 7.4, 1 M NaCl. The fractions
were analyzed on a 15 % SIPAGE gel, and WTBfcontaining fractions were pooled,
concentrated in 10 kDautoff Amicon centrifugation tubes and buffer exchanged into 50 mM
MOPS pH 7.4, 0.5 M NaCl. The concentrate was loaded onto a Sephact20® $0/300 HR
column to obtain pure WTBfr protein, verified by SIPAGE and MS. Figure 2.2.1 below shows
the generalized purification protocol.

In order to optimize the protein yield, theniexchange step was substituted with

ammonium sulfate precipitation summarized in Figure 2.2.1 below:

Cells harvested by centrifugation, 6 371 g for 30 min
1

Resuspended in buffer A and lysed with emulsiflex, 17000 psi

2|
v
Lysate boiled @70 °C for 10 min (80 °C for WTAfFtn) and centrifuged @ 20 000 g for 20 min
d
Incubate clarified lysate @ 30 °C (30 min) with DNase 1 (500 units/50 mL)

4 " 5

|
40 % ammonium sulfate precipitation @ 10 °C_ 15 min 80% ammonium sulfate precipitation @ 10 °C_15 min
4a
v 6

Discard precipitate (yellow)
Keep precipitate (Bfr, orange red) (AfFtn, pale yellow)

7
v

Buffer A =5 mM MgS0O4, 1 mM PMSF, 50 mM M -pH 7.5
uter m 0%, L m >0 m Opsp Resuspend in Buffer B and run SEC on AfFtn

Buffer B = 50 mM Mops-pH 7.5, 150 mM NaCl

Figure 2.2.1. Protein purification via ammonium sulfate precipitation
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2.14. Overproduction and Purification of Enterokinase (EKC122S)

The ampicillinresistant pET15b-EK-C122SHis5 bacterial stab (obtained frofudgene,
deposited byskala andCoworkerd?’) was spread onto an EBmp agar plate and incubated at 37
eC overnight. A single coAmplsteforand hees Bi7eglCed c
overnight incubation. Another colony from the second plate was inoculated into a 5+ApB
broth for DNA extraction. EKC122S DNA was extracted with the GenBlytéasmid miniprep
kit (SigmaAldrich) and transformed into competent BL21 celbs eat shock. EK protein was
expressed and purified by Evan Shepherdson (Chem494 undergraduate student under my
supervision) following the procedure reported by Skalal'?’ with few modifications.

A 1 L solution of LB containing 10Qg/ml ampicillin was inoculated witanovernight
culturet o a starting OD of O0.05 and esrbagheccltd ( 37 eC,
where it was induced with the addition of solid IPTG (0.5 mM final concentration). The cells
were harvested aft&h of induction in a Beckman JA10 rotor (15min, 4900 4 e C) . The
harvested pellet was suspended in 50 mM- Tl 7 based on its wet mass (3 mL buffer per 1 g
of thepellet) and lysed at 17000 psi in an Avestin Emulsilx (3 cycles, interrupted byrbin
of chilling on ice). The lysate was washed 3x with 15 mL of suspension buffer | (50 mi@H ris
7, 1.5 M NaCl, 60 mM EDTA, 6 % Triton x 100), shaken for 30 min at room temperature and
centrifuged at.8000g. The pellet was washed with 30 mL of suspemdiuffer Il (50 mM Tris
pH 7, 20 mM EDTA) and the inclusion bodies (IB) were removed by centrifugation (38200
min, 23°C). The residue was washed 2x, and 1 g of IB was dissolved in 20 mL of Solubilization
buffer (7.5 M guanidineHCIpH 9,50 MM Tris 100 mM BME), and stirred
Undissolved particles were removed by centrifugation at 4866020 min at room temperature,
and the pH of the supernatant was adjusted to pH 3.5 with 5 mM citrate buffer and dialyzed
against 5 mM citratedsfer (12.4 kDa cut off) for 4 h. The white fluffy pellet was harvested by
centrifugation (1800@, 20 min, 23°C) and resuspended in solubilization buffer (1:10 (w/v)). The
EK in the clear solution was refolded in 2 L of refolding buffer (0.5 M argifienM TrispH
8.3, 20 mM CaCGl 1 mM EDTA, 5 mM cystein¢iCl, 0.5 mM cystine) for 72 h at 2&. The
resulting solution was concentrated by employing 200 mL Amicon concentrators (10 kDa
Millipore disc filters), and the concentrate was dialyzed overnigi#32C) against the storage
buffer supplemented with 3 mM NaNhe EK protein was analyzed using SBAGE and
further purified on a Uno® Q1 column (binding buffer: 50 mM pid 7.5, 20 mM NacCl,
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Elution buffer: 50 mM TrigpH 7.5, 1 M NacCl) followed by atMAC column (binding buffer: 20
mM imidazole, 0.5 M NaCl, 50 mM TrpH 75, Elution buffer: 200 mM imidazole, 0.5 M NacCl,
50 mM TrispH 7.5). The pooled fractions exhibited protein bands from the SSSE gel
corresponding to EK of molecular weight of apgmately 26 kDa.

2.1.41. Recombinant EK HisTag Removal

A reaction mixture containing 1 mg /miiTEKBfr (in 50 mM NaCl, 2 mM CaG) 20 mM
TrisspH 8) and 300 nM pur e ERA4ahe reactios wab termieated a t
by adding PMSF (to 1 mM final concentration) or exchanging the buffer for distilled water.
Samples were then analyzed on both SBM&E gels and mass spexnetry (+ ESI) for the
cleaved substrate (no Hiagged protein). Removal of EK and the unreacted substrate was
achieved by | oading the mixture onto a 1 mL
NaCl, 50 mM Tris pH 7.5) and eluting with 500 mM NaClI0InM HCI pH 2. The eluted
fractions were neutralized by the addition of 1 M FHi&I- pH 9 (1 mL fraction to 20Q.L
buffer). The resulting fractions were concentrated and quantdreshcapsulatiostudies.
Alternatively, the cleaved protein could bgaeated by running the mixture through an IMAC

column where the recombinant EK bindad the cleaved protein flows through.

2.1.5. Purification of Other Ferritins

Other members of the ferritin family were also explored in this project
Archaeoglobus fgidis ferritin (AfFtn), the AfFtnC54ferritin variant andthe Pyrococcus
furiosusferritin (PfFtn). These constructs were designed by Dr. Honek and commercially
synthesized by Genscrjpthich included codon optimizatiohe plasmids AfFtypET-22b and
PfFTn-pET-22b that encode for the-@&rminal Histagged AfFtn and PfFtn respectively were
transformed via heat shock into competent BL21 cells similarly to tlex obnstructs described
above (DNA sequence, Appendix 8).

An aliquot (510 mL) from a 100 ro (LB-Amp) overnight culture that was grown from a

single colony was used to inoculate 500 mL ofABp (40pug/mL amp) to obtain a starting
ODso0of about O0.05. The cul t ueowlere theywere spikedwite n  at
40 pg/mL Amp andshaken until 0.6 O&o, and induced with 1 mM IPTG. The cells were then
shaken at 25 eC overnight agfd4tnan Melmatvestdd vi a
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cells were resuspendedbuffer A [lysis buffer: 25 mM HEPES pH 7.5, 10 mM NaCl, 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF)]. The resuspended cells were later lysed
and purified similarly to the other Hitag constructs above. Buffers for the AfFtnC54 variant
were supplemented with 2.5 mM DTT or 2.5 mM BME to prevent Cys oxidatitmetdisulfide.

2.2. Bfr Surface Modification
2.2.1. Transglutaminase (TGaselatalyzed Reactions

The Nterminal modification (Septide) allows microbial TGase (MTGase) to
enzymatically modify the surface tife protein with primary aminé$® Previous experiments on
His-tagged bacterioferritin demonstrated that efemugh there are glutamines (Q) and lysines
(K) on the surface of the protein, the glutamines are not accessible to MTGase enzyme hence
there is a need fa peptide to be present that would provide the needed glutamine riesidee

proper flanking amino acid sequenéesMTGase catalyzed surface modifications.

NO REACTION

HisBfr DNA

Figure 2.3. Schematic representation of Bf1Bfr)-MTGase Reaction The top panel shows
thatsurface GIn on HisBfr are not modified by TGaBke Bfr is recombinantly overproduced

with surface taggbottom paneland becomes an MTGase substrate which is covalently modified
with dansylcadaverind hedansycadaverine are represented edshapesttached to the yellow

Stag shapes.
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A reaction mixture containing MTGase (1 equiv. 2.66 Xfioles), QTagBfr (226
equiv.,, 6 x10° moles), dansylcadaverine (DC) (451 equiv.,1.2 ¥ f®les), and NaCl (38 equiv.,
1x10° moles) in 100 mM TrigHCl-pH 8, was incubated at different temperatures (from 4 to 50
eC) for different times (ranging from 1 h to
desalting column Sephad@kG10 (GEHealthcare) to exchange the buffeidaaiso removéhe
excess enzyme and crosslinked products.oftimum reaction condition aschosen based on
the fluorescence intensity of the protein band on an unstained?83& gel. The gel was
further stained with Coomassie brilliant blue dye to Vigedor the molecular weight of
covalently modified subunit and crelsked products.

The extent of crosslinkingnd band intensitieseveused to set optimum reaction
conditions for t he en znjawater bath. tE®S Wad utigz€dtd or at
ascertain the overall mass of the Q@agBfr protein adduct. The samples for mass spectrometry
were run through an IMAC column to separate the modifieetdtjged proteins from the excess
enzyme. The fractions in thidazole gradient were pooled, and buffer exchanged intoJODH
and then injected into the MS instruméoy adding 10 uL of protein to 90 uL of 1:1 MeOH:(H
with 0.1% formic acid mixturne Alternatively, reaction products were dried using a s{waedor

lyophilized and resuspended in DR®Bifor MS analysis.

2.2.2. Cyanogen Bromide Treatment

The dansylated proteins were further treated with cyanogen bromide (CNBr) to assess
which glutamine was labeled with DC. A protein treated with CNBr will be cleeted
fragments at the @rminal side of methionine residué8The choice of this reagent was based
onaninitial predicion from The ExPASYy peptide cutter totf which predicted 9 possible
fragments from @g-Bfr. The CNBr was suspended in a 70 % formic acid (FA) solution to a final
concentration of 50 mg/mL FA and was used to unfold and cleave the protein. The reaction
mixture was incubated at room temperature overnight, and the excess reagents weaeeMapor
an SC10 speedac. The resulting protein powder was resuspended inDCaAd buffer
exchanged employing a Sephadex &16olumn (equilibrated with filtered DD#®D). The

fractions containing protein were pooled and analyzed using {MS$Imass speaimetry.
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2.2.3. QTagBfr RNase Reconstitution

Theabilitiesof Qtag 1 and Qtag # reconstitute RNase activitisgere explored in
collaboration with Taylor Urquhart (Honek laboratory). First, the production-pmt®in by
subtilisin digest was undertaken, followed by chromatographic purification as reported bgtGenz

al. with slight modification‘°®illustrated in Figure 2.4 below.

Add 25 pL of
10 mg/mL subtilisin Add KOH | 3. Precipitate S-protein with
1. Dissolved 10 mg 2.Add 1MHCl toa TopH 8 200 pL of 20 % TCA
of RNase Ain 1 mL of — — final pH of 3 | (overnight at RT)
cleave buffer and incubate
Incubate on ice for for 10 min
2h 45 min
6. Purify the S-protein on
Centrifuge @ 16, 800g | 5. Dialyze against 4, Centrifuge @ 9,600 g

Macro-prep high S column, .
dissolve 2Lof (4 °C 10 min)

concentrate and buffer exchange undissolved solids e
(in 10 kDa Amicon) and quantified binding buffer for to pellet the S-protein and

and stored @- 80 °C quantify 2-4 h resuspend in 1.4 mL water

Cleave buffer: 25 mM Tris—HCI pH 8.0, 50 mM KCI
Binding buffer: 20 mM Na-phosphate pH 5.0
Storage buffer : 20 mM Bis-Tris—HCI pH 6.5

Figure 2.4. Production of RNase $rotein as per the method reportedby Genzet al1%

2.2.3.1. RNase Reconstitution
RNase S protein, and therefore RNase activity, was fully reconstituted by incubating
commercial $eptide with the $rotein, prepared in the above protocol. Firstly, a commercial
RNaseS-tag peptide (KETAAAKFERQHMDS, fromMPEXBIO, Houston, TX, USAwas
incubated with the purified-Brotein to test for reconstitution of RNase S actioitya
commercial substrat&he reconstitution mixture containequ® each of the $rotein and
peptide in an RNaskee vial, from the kit, and the mixture was incubated on ice and then diluted
with RNasefree water (kit) to a final concentration of 60nMh e RNase Al ert E subst

(Thermo Fisher) is a propriety RNA substrate which is tagged with a fluorescent reporter
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molecule on one end of the oligonucleotide and a quencher on the other end. The proximity of the
guencher dampens fluorescence from therfipbore until cleavage by an RNase. The RNA
substrate is then cleaved, and the fluorophore and quencher are spatially separated in solution,
which results in bright green fluorescence emission of the freed fluoro@ffiguee2.4.1).The
RNaseAlert® subsaite was prepared by resuspending it plL%f reaction buffer (from the kit),
and then 4%L of the 60 nMreconstitutedRNase S was added and quickly transferred into a
black, opaque, hatirea 96well plate and placed in the plate reader. Top read feceree was
recorded by setting the excitation and emission wavelengths at 490 nm and 520 nm respectively,
with 515 nm emission cdff. Also, the PMT was set to 6, and all measurements were recorded at
37°C. These conditions were used to prepare andddRNiase samples from the QB
constructs (Qtag 1 and 2), with the Qiily acting as the $ag peptide.

Secondly, the rate of hydrolysis was estimated by fitting the data to a modified first order
reaction:

"0 04 0@

where F is themaximumfluorescence (RFUproportional to the hydrolyzed substrate, Fmax is
the total amount of substrateis the rate constant, t is the elapsed time and T is the elapsed time

between the first reading and the time it was displayed the screen.

R RNA%
!

Incubation

~

Substrate cleaves Intact Substrate
Bright green solution = positive assay Dark solution = negative assay
RNase contamination present RNase contamination absent

Figure 2.4.1. Schematic representation of the RNase assayie commercial RNase substrate
with a fluorescent probe and a quencher. Subsequent hydrolysis of the substrate increases the

distance between the two moieties and prevents quenclmage was generatéa PowerPoint.
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2.3. Heme Reconstitution

Heme was reconstituted into bacterioferritin following the procedure reported by
Wonget al'®* A 0.01 M solution of hemin in a 0XI NaOH aqueous solution was diluted with
0.2 M MES bufferpH 6.5 to a final concentration of 1.5 mM of hemin. The resulting mixture was
then centrifuged at 1325fand the supernatant collected. The proteibe reconstituted was
buffer-exchanged into high salt buffer (1 M NaCl, 0.2 M MESH 6.5), mixed with 2 molar
equivalent of hemin solution and heated at
room temperature. The sample was then centrifuged at Z3@5@move rcess hemin, and
furtherbuffer-exchange@mployinga 10 kDa spin column to remove excess and nonspecifically
bound hemin. The nonspecifically bound hemin could also be removed via dialysighad&x
G25™ column chromatography (Figure 2.5). The product was analyzed employingsitiie
spectroscopy for the emergence of a Soret band at approximately 418 nm, which is an indication
of oligomerization. Size exclusion was used to separate thee?g from dimers and monomers.
The constructs that did not form-Bders were mixed (50:50/T: His) to decrease the steric
interactions between-@rminal Histags. The QTagBfr variants Qtag2E86A, Qtag2K22A,
Qtag2K22AE86A) were used to study (by Daniel Feng (Chem494), under my supervision) the
structural effects of the Bf-terminal sequence. These variants were purified on IMAC columns
and analyzed on SEC for their size distributions and further reconstituted with hebsetee

the formation of a possible 2#er.

* Mix protein with heme solution at room temperature

* Heat (80 °C /15 min)

* Cool back to room temperature

* Remove excess heme by centrifugation and column chromatography ’

. ! -Bfr-hem
* Use UV-Vis Spectroscopy to verify heme reconstitution A LA eme

‘Q heme

Figure 2.5. Schematic representation of heme reconstitution
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2.3.1 Heme Analog Synthesis

Bis-N-hydroxysuccinimideheme (BisNHS-heme) was synthesized (by Anton van der
Ven; M.Sc. thesis) by the addition le¢min (200 mg, 0.307 mmol) and ®&bodiimide resin
(954 mg, 1.3 mmol/g, 4.0 equiv.) to anhydrous dimethylformamide (3.2 ml) with stirring at 23 °C
for 10 minutes (Stepl).Nydroxysuccinimide (NHS) (88 mg, 0.76 mmol, 2.5 equiv.) was added
to this soluton and stirred at 100 °C for an hour in a Biotage Initiator 8 microwave synthesizer
(Biotage Inc., NC, USA) to produce moremd bisNHS-modified hemes. The dried NH3eme
was further reacted with bis(carboxymethlyHysine (LysNTA) (10.3 mg; 0.127 mmad\HS-
Heme in 343 uL DMF, 10 mg; 0.381 mmol L)}SA in 1 mL of DMF) in a microwave reactor
f or 1 h peducebiBandn@neNTA-hemes (step 2). The product was analyzed by
TLC and mass spectrometry. The product was dried in vacuo to remove DNésasdended in
0.1 M NaOH supplemented with 50 % methanol and loaded intd&amplet (3 grams of
resin) and I& to dry overnight. The sample holdeas washed with 5000 mL of 10 mM
phosphatepH 8 and eluted with a000 % methanol gradient whichpsgated monofrom bis

products. The bikys-NTA-heme product was collected, dried and further resuspended in

distilled water for a final cleanup using a P2 size exclusion column using distilled water as eluent.

The purified bisNTAheme was aliquoted amlied in a speed vac and storedza0 e C f or

use.
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monoNTA-heme

Figure 2.5.1 Synthesis of Hem&lTA. Stepl activation into the NHS ester (bis and mono NHS

Ta. 0// L\W
HsC- -
1b. N-hydroxysuccinimide o
0. ,f = T /N—O = [}
VO — OYN’ -9
=0
¢ " monoNHS- heme
bisNHS- heme
) 24 p~ \/
y ) " <o
4 ™\ S
A z ~ 2
)/ nal o
=\ T 2. Lysine-NTA
”\\)
f."\'
IS ¢
y 7(\7“5;—«”/\“
\, p Y bisNTA-heme

heme) followed by labeling with the LAMTA into bis and mondNTA heme.

2.3.2. Histagged GFP Encapslation
The HisGFP BL21 stock was gifted to us by Dr. Jeanne Hardy (University of

Massachusetts, Amherst) for encapsulation studies. The encapsulatiderofibaly His-tagged

GFP into WTBFr via a reverse polarity strategy was mediated by the interaetivedn the bis
NTA-heme cofactor of WTBfr and the polyhistidine tag of thetdgged GFP guest. The

overproduction of Higagged GFP was similar to other Hégyged proteins with little

modification; the plasmid was expressed irEaoli BL21 cell line and induced with 1 mM

IPTG at 37 °C. The induced media was shaken at 25 °C and harvested after 3 h to limit inclusion

bodies. The purification procedure was identical to thet&tiged protein purification outlined

above. Firstly, harvesteazktlls were lysed at 17000 psi in Anvestin emulsiflex C25 and

centrifuged at 20000 to remove insoluble DNA. The clarified lysate was loaded onto-a pre

equilibrated

1 mL Hi TrapE |

MA C

column and

20 mM imidazoé,50 mM TrisHCI, pH 7.5) until the Olyowas zero. The bound proteins were

59

was



then eluted with 100 % of elution buffer (150 mM NacCl, 300 mM imidazole, 50 mMHTis
pH 7.5). Finally, the pulled fractions were buffer exchanged into storage buffer (150 @M Na
50 mM TrisHCI, pH 7.5). A few microliters (10QL) of the protein wasvashed (imaspin
column) with DDHO for +ESEMS toverify themass of the pure protein. The verified protein
was then aliquoted into 5QQ. portions and stored a80 °C for futureexperiments.

Bis- NTA-heme was incorporated into wild type bacterioferritin by dissolving it in 0.2 M
MES buffer and mixing with WTBHr in a ratio of 1:2 Bfr: BisITA-heme (in 0.2 M ME$H 6.5,
1 M NacCl) ratio and heated at 80 °C for 10 min. The mixtuae allowed to cool to room
temperatee and centrifuged dt3250 gand dialyzed (2 M MESpH 6.5, 1 M NaCl; up to 24
hourg9 to remove excess and nepecifically bound heme. The WTBfieme complex was then
mixed with Histagged GFP and Rfiin a 1:10:100 ralar ratio respectively and incubated at 60
°C for 90 min followed by 80 mincooling periodat room temperature atiden a size exclusion
chromdographic step (Superose® 6 10/39R; buffer 25 mM HEPE$H 7.4, 150mM , NaCl,
300 mM KCJ) was employed. The absorbance of a protein fraction from this column fzaving
molecularweight corresponding to an intact-2#er bacterioferritin with 495 nm absorption was
an indication of GFP encapsulation. The fractions were analyzed on aPAGE gl, and mass

spectrometry and TEM experiments were conducted on the purified nanomaterial.

2. 3. 3. ElIl mands Reagent (DTNB) Modification of
Guest protection was studied by comparing the accessibility of Cys residues in GFP to a

bulky reagent such &3TNB. Free HisGFRvasincubated wittup to 2®-fold molar excess

DTNB for up to3 h at room temperature with stirring. The reaction was centrifuge?Pa0 gto

remove precipitates and washed (with 150 mM NaCl,200 mM 4@ $.5) using a 100 kDa

Amicon device to remove unreacted reagents. The HisGRB complex was analyzed using +

ESI mass spectrometry and bufetchanged into 25 mM HEPES, 20 mM HEPRS 7.5 for

UV absorbance me a sim=E206 micma)L®Sindadly, encapsyldied

HisGFP was incubated with DTNB and theuleswere compared. The results illustrate how the

Bfr shell protects the SH groups in GFP from reacting with DTNB.
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2.4. Gold (Au) Nanoparticle Encapsulation

The capabilities of the cage proteins to encapsulate larger guest molecules was studied with
acommercially available 5 nm gold nanoparticle (AuNRi-KNTA-Nanogold™, Nanoprobes
Yaphank, NY, USA) This guest molecule has an NTA functionality attached to the surface
through a proprietary polymeric linker (Figure 2.6). The nanopatrticle solutiomitiafly
characterized by UWisible spectroscopy and was observed to absorb at 518 nm. Also, size
distribution analysis employing DLS indicated that the Au particles had an 8 nm diameter
averagewhich could be due to the presence of the polymetketinA 24-molarequivalence of
the guest proteins (1 cage) was mixed in a ratio of 60:40Misprotein mixture and buffer
exchanged into the declustering buffer (8 M GdnHCI, 25 mM HEP&ES$ 7.6, 100 mM NaCl,
for Bfr and 10 mM NacCl, 25 mM HEPES, pH 7d fAfFtn). The protein was incubated with 100
molar equivalence of Riions and 2 molar equivalence of heme (only for the Bfr ferritin host)
for approximately 30 min, followed by the addition of 1 molar equivalence of the AuNP in
solution. The mixture waallowed to incubate at 2& for at least 1 h before the removal of the
declustering agent (by increasing NaCl concentration to 150 mM for AfFtn and dialyzing against
25 mM HEPES, 150 mM NacCl, pH 7.6 for Bfr). The encapsulated proteins were applied to a
Sephacryl® S300 10/300 HR column, prequilibrated with 25 mM HEPES, 150 mM NacCl, pH
7.6 and the fractions were monitored at four wavelen@®@ nm, 260 nm, 418 nm (heme in
Bfr), and 518 nm. The elution times were comparegrimr runs of free AUNP anfiee protein.
Fractions containing encapsulated AuNP (Au coeluted (518 nm) withe2}were collected and

concentrated for further analysis.
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Figure 2.6. The AuNR Ni?*-HisAfFtn interaction. The AuNP yellow ghere on the lefis
stabilized by the iteraction between the NTA functionalities on AUNP and two histidines from
the polyhistidine tags of the subunitet coordinates Ni (both HisBfr and HisAfFtn)The

ferritin subunits are represeutin red shape on thight. The Bfr cluster was generatgth
Maestro Schibdinger LLC)

2.4.1. Bfr-Targeted Guest Delivery

The hostguest AUNP (5 nmjprotein complex (Qta@fr-Au) was dansylated (DQtag
Bfr-Au) to illustrate that Bfr can be repurposed on both surfaces while a guattimsthe
proteinshell. TGaseatalyzed reactions (Section 2.2.1) were used to modify the Qtags with DC
using the procedure above (Section 2.5). The declustering buffer was then removed by dialyzing
the mixture overnight against a reclustering buffer (150 mM NaCl and 2B4BSIPH 7.4).
Dansylation was carried out similarly to that described in Section 2.2.1. Moreover, the mixture
was run on a Sephacryl®3®0 (10/300) size exclusion column using the reclustering buffer to
separate the DQtag2Bfr-Au from the other oligomerin solution. The desired fractions were
analyzed on a nativeAGE gel to observe a dansylatedrér protein band, while TEM was

used to visualize the encapsulated AuNP.
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2.5. Lipid-NTA Encapsulation
2.5.1. Synthesis of CISTA

To investigate the hydropbic engineering of the internal cavity of bacterioferritin, a
strategy to load the interior cavity of Bfr with lipids was undertaken. The lipids were designed to
have NTA functionalities attached to them so that any potential micelles or hydrophobic
aggragates formed from them might likely interact with the hexahistidine tag efagged Bfr,
resulting in encapsulation of a large hydrophobic molecular ensemble. Nonaddd@Aoyias
syntresized by Omaima Ben Krayem @&&. University of Waterloo, 2017) ugjthe procedure
outlined by Menard and coworkers which begins with carboxylic acid activation of the fatty acid,
followed by modification with bis(carboxymethyl)lysineys-NTA).18 The carboxy group of
nanodecanoic acid was activated withthy}3-(3-dimethyl aminopropyl) carbodiimide (EDC) to
enable Nhydroxysuccinimide (NHS) ester formation. Nanodecanoic acid (1 equivalent, 29.3 g,
98.2 mmol) and 1.5 equivalentsfhydroxysuccinimide (16.9 g, 147.3 mmol) were dissolved in
700 mL methylene chloride (CBl.), followed by stirring at room temperature for 24 h. The
resulting solution (containing NonadecandiiS) was diluted with 700 mL of water. The
organic phase waseparated by washing the mixture with 3 x 250 mL of@lk 250 mL of brine
and dried oveanhydrous Ng5Qs. The methylene chloride was evaporated and the resulting solid
was recrystallized with 700 mL EtOAc to obtain powdered nonadeciNtd$l (white powds).
The powdered product (3.5 g, 9.1 mmol, one equivalent) was combined with one equivalent (2.4
g, 9.17 mmol) of bis(carboxymethyl)lysineys-NTA) and triethylamine (7 equivalents; 9 mL,
64.2 mmol) and the mixture was dissolved in DB (L) at room temperature for 48 h with
stirring. The mixture was evaporated under reduced pressure, and the residue was resuspended in
150 mL HO, which was then acidified with the addition of 1N HCI to precipitate the product.
The product was filtered and dried underwamn to obtain white powderedigElsaN2O7. A few
mg of the final product was dissolved in DMSO and analyzed on a Bruker Avance 500 NMR
spectrometer. Mass spectrometry analysis was performed using a linear ion trap quadrupole
(LTQ) to identify the molecular ass of the product as well as the impurities that could be
present. The MS sample was prepared by making a 1 mg/mL solution in water. The lipid was
solubilized by adjusting its pH to 12 with 1 N NaOH and then adding a few drops of 6 M HCI to a
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pH of 8. The dissolved lipid 10 uL) was added to 9QL of MS solvent (1:1:0.1, pO: MeOH:

FA) and injected into the ion source at a flow rate pL.&nin.

2.5.2. Synthesis of CINTA and C16NTA

A simplified version of the NTA functionalization strategy, simti@the hemeNTA
synthesis, was employed by April Marple (Chem494 undergraduate student in the Honek
laboratory). Commercially available NHter activated fatty acids (myristic (C14) and palmitic
(C16)) were directly reacted with bis(carboxymethyl)lyqiogs-NTA). One equivalent (50 mg
each, 0.141 mmole CAMHS, 0.154 mmole C1BIHS) of the fatty acieNHS ester was dissolved
in 2 mL of anhydrous DMF and incubated with 1 equivalent of bis(carboxymethyl)lysise (
NTA) (39.6 mg) and 7 equivalents of:8t(0.138 mL, 0.99 mmoles and 0.15 mL, 1.08 mmoles
for C-14NHS and C16 NHS, respectively). The resulting mixture was then let to stir for 48 h at 23
°C. Then the solution was evaporated in vacuo and the solid was redissolved in 4 mL of doubly
distilled wate and acidified with 1 N HCI until a white solid appeared. The solid was filtered
under suction and further dried in a desiccator. The modified lipids/fatty acids (74 % and 79 %
yield for C14NTA and C16NTA, respectively) were further analyzed employihoptiayer
chromatography (TLC) (stationary phase: silica, mobile phase: 100 % dichloromethane), mass
spectrometryAppendix 6) and NMR {H-NMR and'*C-NMR) (Appendix 7)
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Myristoyl-NTA (C14-NTA)
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Figure 2.7. Functionalized lipids for encapsulation(a) Chemical structures of the three lipid
NTA that were synthesized and (b) models of the extended length of tR T2 Bpid when it
interacts with the @erminal H-tag from the proteirDistance measurements were made using

structures drawn in Spartg§wWavefunction, Inc).

2.53.Lipid -NTA Encapsulation

The lipidNTA was encapsulated utilizing two different approacBésmediated
encapsulation and lipithediated encapsulation. The Bfiediated encapsulation uses lipids at
surfactant concentratioelow the critical micelle concentration (CMC), whereas the fatty acid
mediated encapsulation encapsulates a likely preformed micelle into the Bfr cage. DLS analysis
was used to determine the aggregation concentration (2 mg/mL) of the synthesizedhsurfacta
before the encapsulation studies. Additional encapsulation studies with mixtures of 50:50 HisBfr:
WTBfr were employed to study the effects of the multiplee@ninal tags on the Biipid
complex and the resulting dimensions of the reclustered capst#gnp The Bfrmediated
encapsulation reaction contained, 1 equivalenititiged Bfr (2.04 x 1®moles, in declustering
buffer), 45 equivalents d19-NTA (9.25 x 10’ moles, ¥ CMC), 2 equivalents of heme (4.08 x
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108 moles) and 2 equivalents of N{(4.08 x 10° moles). A ¥ CMC reaction was also set up to
investigate lipid effects on Bfr cage dimensions. The dipebiated approach used a similar
reaction setup with NENTA lipid at micelle concentration (1.85 x $#@noles). The mixtures
were incubatedté °C for 90 min followed by overnight dialysis in a 12.4 kDa cutoff tubing
(buffer: 50 mM HEPE$H 7.4, 150 mM NacCl) to remove the excess GdnHCI, centrifuged to
remove precipitate and loaded onto a SephacryB9®&10/ 300HR column. The protein
fractions eluting at a time corresponding to an intact capsule protein (24 subunits) were collected
and analyzed using mass spectrometry, dynamic light scattering, and transmission electron
microscopy.

Alternatively, a mixture of 50 %: 50 % / HisBfr: WTBfr, asing shorter chain lipids can
be used to overcome the internal space limitation (see Results and Discussion later in this thesis)
since the lipids may not require all-2der H6tags for encapsulation. Hence a reaction mixture
containing equal parts of WTBand HisBfr was used as host while keeping all other reagents the
same as the encapsulation at the 2 mg/mL lipid above foiNT29O In the case of C14 and C16,
the amount of lipid that formed micelles within Bfr interior dimensions were encapsulated into

100 % HisBfr cage due to their decreased chain length.

2.6. Protein Encapsulationinto AfFtn
2.6.1. StreptavidinFITC (SF) Encapsulation into AfFtn

The ability of AfFtn to encapsulate intact proteins was demonstrated by attempts to
encapsulate fluoreso+labeled streptavidin (SF). The streptavidin molecule has an
isothiocyanatd uncti onal i zed f | uotermisataeinegsin#he dtreptavidend t o |
molecule as seen in Figure 2.8 below. The derivatization results in the formation of athioure
bond between streptavidin and the FITC labeling reagent. The conjugation results in bright orange
color with excitation and emission bands at 495 nm and 520 nm respectively. The encapsulation
procedure begins with incubating the SF protein (1.85%md@les) withBiotin-X nitrilotriacetic
acid, tripotassium salBfotin-X NTA) (3.33 x 16 moles) for 30 min at 23C with 2.04 x 1¢
moles of a 50:50 WTAfFtn: HisAfFtn mixture and a 4.0 €10oles Nf*were addeébllowed by
incubation at 50 °C for 90 mi The resultant mixture was allowed to cool to room temperature

and centrifuged at3250 gto remove precipitate before injecting onto a SephacryB®
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10/300HR column. The chromatographic peak corresponding to a molecular weight chiee 24
structurewith 495 nm absorbance (for SF) was collected and analyzed on a-Ra(€ gel,
and U\tvisible spectroscopy and TEM were employed to further explore the overall structure of

the hostguest protein complex.

Fluorescein isothiocyanate-FITC

) Streptavidin, fluorescein conjugate (SF)
hisBfr/ hisAfFtn subunit

+

(xam

Biotin-X-NTA

Figure 2.8.Schematic representation oftreptavidin derivatization and encapsulation:
Thestreptavidinfluoresceinconjugate (SF) was obtained from Sigma Aldrich and modified with
biotin-X-NTA, which interacted with the streptavidin and also the hexahistidine from the capsule

protein subunit¢red dots)

2.6.2. Glcohydrolase Encapsulation into AfFtn

A catalytically functional nanoreactor was engineered faoAfFtnC54 variant through
affinity mediated encapsulation (Figure 2.1). The C54 group was modified with Male@8ido
NTA, which formed a protein adduct with an NTA affinity tag attached to it. The NTA would
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then be expected to interact with a tigged gast enzyme (in the presence of )i A solution
containing AfFtnC54 (1.2 x Imoles in 20 mM NaCl, 25 mM HEPESH 7.4) was sparged
with Argongas and reduced with 80 molar excess TCEP (0162 x 10° moles) at room
temperature for 30 min in order teduce any intesubunit disulfide bonds forming in solution.
Maleimide X-NTA (20x molar excess, 2.4 x 1@noles) was dissolved in the protein buffer and
flushed with Agongas and was added to the protein solution. The solution was then capped and
allowed to react with the Cys groups of AfFtnC54 for about 60 min. The AfFtNGEdimido-
X-NTA complex was analyzed utilizing mass spectrometry. The prepared protein was then
investigated with(i) His-tagged GFP as a model protein dfia-tagged enzyme ar(d) a
commercial recombinant alpltducosidase fronBacillus stearothermophiludMegazyme, Inc.;
Cedarlane, Inc aslocal supplier). The above protocol for maleimide labeling was further
optimized by removing the TCEP reduction step (detailed explanat©mnapter 3).

2.7. Instrumentation
2.7.1. Mass Spectrometry Analysis

Accurate masses of purified proteins were verified employing a Thermo Scientific Q
Exactivé™ Orbitrap instrument with an Electrospray lonization (ESI) source. Aboupill@0
the pooéd fractions, identified by SDBAGE electrophoresis, was washed with DDHn a
Nanosep® microcentrifuge spin column until all salts and buffers were removed and then
suspended in DD¥D. The mass was acquired in positive ion mode by using a 1:1 Mef0H: H
with 0.1% formic acid mixture as a mobile solvent. The protein to be analyzed was then diluted
with this solvent to a final concentration of abott@ pmol/uL and injected at a flow rate of 5
uL/ min into the ESI ion source. The injected sample was heatttiombarded with ions of
collisional energies between-40 eV, causing them to fragment into various daughter ions. The
daughter ions (in mass/charge ratigstopically unresolvedvere deconvoluted inttheir
correspondingntact proteirmasses using either thi@ermo ProteiDeconvolutionsoftware:
https://assets.thermofisher.com/FASsets/CMD/manualManXCALI-97576Protein
Deconvolution30-UserManXCALI97576A-EN.pdfor theThermoBioPharmasoftware
http://tools.thermofishecom/content/sfs/manuals/MCALI-97813BioPharmaFinderUser
ManXCALI97813EN.pdf
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2.7.2. Size Exclusion Chromatography (SEC)

The Size Exclusion Chromatographic technique was used to determine and separate tertiary
and quaternary structures in solutiafigurified, heme reconstitutednd encapsulated proteins.
Aliquots (0.251 mL; filtered and centrifuged) were loaded on to three different kinds of columns,
Sephac®890DE18/ 300 HR400 ZEPpHRaSuperpd6E0/380 GL, depending
on the time and the amount of sample available. The flow rates used were betwk8miLS
and 1 mL fractions were collected. The BioLogic DuoFl8wystem used was equipped with a
QuadTec UWVis detector which allowed for the suitaneous visualization of four wavelengths,
making it very useful for detection of guest molecules witfedéht absorption wavelengths.
Calibrationprofiles wereprepared by running BioRad Gel filtration standards (#1511109
containing: 5 mg thyroglobuit 670,000 Da, 5 mg-globulin-158,000, 5 mg ovalbumi#4,00Q
2.5 mg myoglobirl7,000 Da, and 0.5 vitamin B350 Da)Appendix 2)andused to estimate
the elution times/ volumes of the samples injected, which then were used to estimate an

approximatim of the molecular weights of the various protein complexes.

2.7.3. Dynamic Light Scattering (DLS)

The size distribution of the particles in solution was analyzed by employing a Zetasizer
Nano ZS model ZEN3500 (Malvern Instruments Ltd, Worcestershirdaiaigequipped with a
He-Ne laser with 4.0 mW power at a 532 nm wavelength. The size measurement (DLS method)
protocol was used. THhictuations inscattered lighat a specific angleeredetected withan
avalanche photodiode array (APDs) which was \ized in the form of intensity over a period of
time. Water was used as dispersant w&itafractive index of 1.33, and the temperature was set to
20°C. All samples were centrifuged and filtered before the measurement and were placed in a 45
uL Hellma cwette, with 0.3 mm path length and run in triplicates. Sizes were estimated from the
Stokesei nstein relationship (D = kBT/ 6 dRH), assit
solution and the dispersant viscosity (d) was

2.7.4. Transmission Electron Microscopy (TEM)
TEM analysis was performed on a CM10 Philips transmission electron microscope

modified with an Advanced Microscopy Techniques image capturing CCD camera, housed in the
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Department of Biology. The images were caietin bright field mode with 100 keV

accelerating potentiaD.1 mg/mL samples were bufferchanged int®@DH>0 water to remove
excess buffer and salt (when necessary). The samples were applied onto coppeomns-
Carbon 400 mesh; Ted Pella, Redding, CA, U$#gc¢ing the grid onto a 20 uL droplet of the
sample. The grids were lifted up and dabbed with a piece of filter paper to réreexeess

sample. The thin layer of the sample was then washed twidarsnto how the samples were
applied and finally placed onto a droplet (20 uL) of0.% Molybdic acid solutiothe excess

dye solutions were dabbed with pieces of filter paper and put into Petri dishes and incubated at

room temperature overnight befdhee TEM analysis.

2.7.5. Fluorescence Measurements

Fluorescence measurements were carried out on a Photon Technology International
Fluorometer, A1010B Steaeytate fluorescence system equipped with an-2B@ lamp power
supply, an S€00 shutter contropMD-5020 motor driver, and 814 photomultiplier detector.
Solutions of 500 pL were placed in a 1 mL micro fluorescence quartz cuvette and inserted into the
sample holder and excited with the appropriate excitation wavelengths. The emission scans were
collected at +15 nm from the excitation wavelength until it tailed off. A 1 nm slit width was used

in most cases except for dilute samples where it was set to 2 nm.

2.7.6. Ultraviolet (UV) Measurements
All UV measurements were carried out on a SpectraMaxckopiate reader. The sample
solution and buffers were filtered with a 4.5 um syringe filter to removed unwanted particles
before placing in a 45 uL Hellma cuvette (0.3 mm pathlength). On the other hand, optical density
(OD 600) measurements were performed t he Bi oRad Smart SpecE pl us

disposable polymethylmethacrylate cuvettes.

2.7.7. Aalytical Ultracentrifugation (AUC)

The AUC samples were prepariedour laboratory, frozen, and transported ice to the
Biomolecular Interactions & Conformations Facildly\Western UniversitySedimentation
velocity studies were carrienut (by Lee Ann Briere,facility managey using a Beckman Optima

XL-A Analytical Ultracentrifuge. An An60Ti rotor and doukdector cells with Epon charcoal
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centerpieces were useédientrifugation was carried out at 20 °C28t000 rpm or 30 000 rpm
centrigugatiorspeeddepending on the sampleorty-five absorbance measurements at either 280
or 300 nm were collected at 10 minute intervals, in 0.002 cm radial steps. Data were analyzed
using the c(s) distribution model in Sedfit and normalized in GUB®partial specific volumes
(Vbar) were alg calculated from the amino acid compositions, using the program SEDNTERP.
SEDNTERP was also used to calculate byffensitiesand viscositieseen inAppendix9.

These parameters were used to choose the speed for the samples
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CHAPTER 3. RESULTS AND DISCUSSON FOR EXPERIMENTAL SE CTION

3. Brief Introduction

This chapter combines both the results and the discussions of the experiments performed in
this thesi§ results from experiments in chapter he chapter begins with tipeoteins used
discussing how the constructsmealesigned and transformed dhd protein productions and
purifications as well as the characterizati@estions 3.13.1.5). Subsequent sections
(section3.23.9.)focus on the biotemplating strategaesd, where specific enzymes and reagents

were utilized, will contain a brief description of the enzyme or the conjugation technique.

3.1. ProteinProduction

The recombinant proteins employed in this work were all designed and overproduced in the
Honek Bboratory as described in the Methods sedtbapter 2) Several of the proteins were
designedn our laboratorie$or particular functions (Hisagged; Cysteine mutation, etc.) and then
commercially obtained through custom gene syntheses (Genscript,Time presence of-C
terminal hexahistidine tags was useful for immobilized metal affinity interaction (IMAC)
purifications of allthe HisBfr, HTEKBfr, HisAfFtn and HisPfFtn constructs. A BioRad DuoFlow
instrument with a Bi oLusadifocall ¢hromatographi€sep@ratiors,ct or
allowing the detection of up to four wavelengths associated with the protein modification. These
wavelengths were 280 nm, 418 nm, 490 and 518 nmwhich correspod to the spectroscopic

properties of the proteinbeme, GFP, and 5 nm Au nanoparticle, respectively.

3.1.1. Purification of HistaggedProtein

The Histag on the interior surface of Bfr and AfFtn constructs require buffer conditions
that will decluster the subunits and cause the various quaternarystauto exist in equilibrium.
The declustering process is necessary for the IMAC purification which is dependent on the
exposure of thélis-tags For instance, AfFtn subunits associate into ar## at salt
concentrations of 50 mM (see DLS analysis, Feg8L8.1) and greater so, 20 mM NaCl was used
in both binding and elution buffers. Before the IMAC column purification, the lysate is heated to
80°C or 70 °C for 10 minutet® remove thermally lakel host proteins and up to 100 for

PfFtn, followed by cooling and centrifugation before applying to the nicketrijsscolumn.
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The general elution profile for the isolation of these-tdgged proteins employing an
IMAC purification strategyncludes a large flowthrough peak and absequent washing period,
where the monitored UV absorbance is reduced battletmaseline, followed by the elution of
the Histagged protein as a sharp peak when an imidazole gradient is subsequently employed
(Figure 3). The presence of a 418 nm peak@Bfr fractions was indicative of the presente
the hemegroup in Br (Figure &), unlike AfFtn and PfFtn which do not cairt the heme
cofactor (Figure B). A few microliters (2QuL) from several fractions such as the flowthgb,
the wash, and the ialazole eluted regions were analyzed utilizirtg¥o SDS PAGE for the
detection of specific protein bands and the desired proteins were observed to be predominantly in
the elution peak ( imidazole gradient peak) with sufficient purity for many subsequeiesst
The presence of pure proteins in the imidazole gradient indicated that most of the proteins existed
as monomers and dimers under the purification conditions, that exposedetimei@l to Nf*
His trap column.n instances where most or all of {i®teins were in the flowthroughuch as
the case of PfFtn, the binding and elution buffers were supplemented with 6 M GdnHCI to
descluster the subunits. Unlike other proteins which completely unfold in 6 M GdnHCI and
require subsequent refolding step#, @ssociates in subunits which reassociate upon removal of
the declustering agent. The fractions containingptimeprotein of interest were pooled (usually
all peak fractions in the imidazole gradient) and buffer exchanged into a storage buffee, and th
dilute samples were concentrated, quantified and stored (in small aliquots) for further analysis.
The average yield of all the ferritins was approximately 30 mg/L of cell growth, estimated
from the Beerods equation wiMdm?!and33828 Mdmifort i on ¢ c
Bfr and AfFtn, respectively (extinction coefficients obtained from the amino acid sequence using

the ProtParam toohttps://web.expasy.org/protpargmrhe generalizedlution profiles for heme

and norheme onstructs are shown in Figura,d, and c respectively. Electrospray ionization
mass spectrometry was used to validate the estimated subunit massidbban8DSPAGE
electrophoresisa 100uL aliquot of each offte pure proteins was exchanged into DDH20O. The
washed sample was mixed with 2lH 1MeOH/0.1 % FA in a 10 :90 ratio (@ protein: 90uL
solvent) solution and ionized into daughter ions (source speatnass to charge ratios, Figure
3.1a) and deconvoled to obtain the exact masses of the samples (Figureed.IThe 1 amu

mass deviation (M) in all samples could result from poor isotopic resolution of the quadrupole

at the higher mass range, unlike His®frerea mass deviation of 152.2 amu in HisGiFRjure
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3.1d) depicts the loss of the-tdrminal methionine and water from the HisGFP chromophore
formation. The mass loss could result from the activity of the bacterial methionyl aminopeptidase
(MetAP) in the expression system. The loss of aleMhinalmethionine was observed for

HisAfFtn as well. (Figure 3.1e)
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Figure 3. Generalized chromatograms of nickel higrap affinity purifications . (a) Elution

profile for hemecontaining Histagged proteins. (b) Elution profile for ndtwemecontaining His
tagged proteins. (c) Hiagged GFP elution profile. The blue, red, and green curves represent 280
nm, 260 nm, 418/488 nm absorbances, respegtivel
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Figure 3.1. Positive ion electrospray ionization mass spectrometry datg@) the source
spectrum of HisBfr(b) Qtag1Bfr deconvoluted speaim (theoretical mas21884.76 Da
observed mass 21883.62)D&) HisBfr deconvoluted spectra (theoretioess19560.15 Da
observed mask9559.17 Dy (d) HisGFP deconvoluted spectra (theoretical 2834.1.68 Da
observed masa7959.38 Dg (e) HisAfFtn deconvoluted spectra (theoretical n#4s381.24 Da
observed mas&1247.18 Da

3.1.2. Purification and characterization ofPyrococcud-uriosusFerritin (PfFtn)

Thethird thermophilic ferritin studied in this project was the hyperthermophilic archaeon

Pyrococcus furiosugerritin (PfFtn). PfFtn has been reported to showeased-e(ll) oxidation at
85 °C with a halflife of 48 hat 100 °C and 85 min at 12G 331 The PfFtn is similar in structure,
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dimensions and mass to Bfr (but does not contain the heme cofactor) and AfFtn, but has the
octahedral symmetry in Bfr unlike the open triangular pore of AfFtn (tetrahedral symnétry).
The PfFtn construct used here has-teKninal hexahistidine tag which is on the interior of the
capsule which was used for IMAC purifications. Due to the similarity to the otheagiied
proteins used, the same purification protocol was initially tsgudoduce pure HisPfFtn.
However, no protein was observed in the 100 % imidazole gradientedkespting the samples at
80 °C for 10 min before loadmunto the column (Figure 3.BR The flowthrough and the protein
peaks from the imidazole gradient wewllected and analyzed using 15 % SBEXSGE, but
HisPfFtn protein bands wermtobserved in the gradient peak; the protein was found in the
flowthrough. Analysis of the SDS PAGE gel image (data not shown) indicated that the gradient
peak, inFigure 3.1.2, was due to the high concentration of imidazole (300 mM) in the elution
buffer and did not contain protein.

The elution of HisPfFtn in the flowthrough indicated that none of the HisPfFtn was bound
to the IMAC column and perhaps the protein existed igdtmer form, with unexposed
hexahistidine tags on the inside of the capsule. Hence the sample was reheated at 100 °C for 30
minutes to attempt to purify the protein in a @tep heat treatment as reported previously for this
protein by Tatuet al'3* However, he protein produced from this stsipowed conterminant
bands onSDSPAGE gel, necessitating further purification. Hentesas further purified by
IMAC chromatography. The equilibration buffer was supplemented with 6 M GdnHCI (25 mM
HEPES, 150 mM NaCl, 20 mM imidazole, 6 M GdnHgH 7.5) and the same for the elution
buffer (25 mM HEPES, 150 mM NaCl, 300 mM imidazole, 6 M GdndBI7.5) to decluster
the subunits and expose théetminal H-tags. The elution profile presented in Figure 3.1.2 b
shows that HisPfFtn eluted in the 100 % elution buffer and was verifiedthy20% SDSPAGE
(not shown) andnass spectrometry (Figure 3.¢)2The mass spectrometry ionization produced a
single mass peak at 21373.232, which corresponds toth@dak. Pure HisPfFtn was then
dialyzed against 150 mM NaCl, 25 mM HEPES overnigitt @uantified using its UWis
ab s or badmc32400 ctt MY). The amount of purified HisPfFtn was estimated to be 20
mg/L of cell growthwhich is lower than the average 30 mg/mL yield obtained from the other 2
ferritins. The decrease dhie to theseveral steps involved in the isolation. Finally, the quaternary
structure of the isolated protein was analyzed in solution by SEC and DLS analysis. Analysis of
the SEC profileFigure 3.1.8, indicated that the PfFtn existed entirely in itsi2dr form, ad

76



analysis of the DLS also yielded an average size loligton of 15+2 nm (Figure 3.1e2,

consistent with its 24ner quaternary structure.
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Figure 3.1.2. Purification and characterization of HisPfFtn (a) The elution profile of HisPfFtn
without 6 M GdnHCI (b) Elution in the presence of 6 GdnHCI (c) +ESl data of the pure
HisPfFtn (d) Size exclusion chromatography profile of pure HisPfFtn (d) DLS analysis of
HisPfFtn (in150 mM NaCl, 25 mM HEPESH 7.5.
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3.1.3. Production of Recombinant H5 Enterokinase and HWTBfr

Previously WTBfr protein fronk. coliwas purified by heat treatment follod/ey three
chromatographic stepgn exchange chromatography followed by hydroxyapatite
chromatography and lastbjze exclusion chromatograpfAnton van der Ven, MScEach of
these steps resulted in protein loss and consequiemtlyields of isolated protein. Hence there
was the need to find an alterivat approach for the WTBfr protein production. A new Bfr
construct was recombinantly engineered with atefhinal decahistidine ({d tag and an
enterokinase (EK) cleavage site. Thgtdg was used for IMAC purification which was
subsequently removed via an EK cleavage reaction. The tag removal resultedaotation of
WTBIfr with an Niterminal histidine amino acid (HWTBHr).

Enterokinase (Enteropeptidase) is a serine protease (in the duodenum) that converts
trypsinogen to active trypsin. The trypsin catalyzes the hydrolysis of food proteins as well as
activates digestive zymogens into their active enzymes. EK is composed of two chains, light and
heavy chains, which are connected via a disulfide bond. The heavy chain with its transmembrane
domain is responsible for anchoring the enzyme to the intestinal looudér while the light
chain serves as its catalytic dom&ift*3 The catalytic domain is capable of maintaining the
enzymeo6s c tytwith brwithout theacavalantly linked heavy chain. The catalytic
domain recognizes the DDDDBK or DDDDR-X sequence and cleavest&@minal to K or R
135 Figure 3.1.3 shows the catalytic domairtef EK light chain in bovine enteropeptidase
complexed with a trypsogen inhibitor analog, VDDDK36
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Figure 3.1.3. A closeup view of the active site of bovine enteropeptidase light chain bound to
a VDDDK ligand (PDB ID: 1EKB). The Gterminal lysine (Lys 306, ball and stick

representation) from the peptide is covalently bound to His 57 and Ser 195 from the enzyme as

reported by Liet al 16 (image prepared witMaestrg

The HTEKBfr constructs were initially cleaved with a commercial EK enzyme (New
England BioLabs, Inc.) which produced a yield of approximately 70 % of HWTBfr from
HTEKBTfr, but the EK enzyme was not efficient as it required a high concentrataistdin a few
milligrams of cleaved HWTBIfr. The typical cost of producing HWTBfr from HTEKBfr, with
commercial EK, was high; the typical-80 mg of HTEKBfr (per L of growth) was estimated to
require about 12800 units (27 vials; calculatatdl cost of ~$ 4500 of EK.1¥" Hence, the
protocol from Skala and eworkerswas adapted?’ This research group engineered a truncated
(light chain) bovine EK (EK_C122S_His5) which similar to Figure 3.1.3, but caedain
pentahistidine tag and requirediarvitro folding procedure. The -@rminal polyhistidine tg
facilitated enzyme purification as well as the removal of the enzyme after thaeg-ikeavage
reaction. Another advantage of this engineered EK (EK_C122S_His5) over the commercial
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enzyme is its ease of removal by IMAC chromatographiike the commeral source that
requires a benzamidine column purification. The elution buffer for the benzamidine column is
very acidic and, in some cases, resulted in protein precipitation. Also, the C122S mutation
present in this engineered EK eliminates the cystasiues that form a disulfide bridge with
the heavy chain and prevents inclusion bodies. Moreover, two mutations, P92R and E152D, in the
sequencedo not impact the native EK structure. Finally, there is arrisinal propeptide,
MGPIDDDDK, which autoactiates the enzymt’

The amount of active enzyme produckd, mg/L, was similar to the reported yield of 2
mg/L despite the slight variations in the protocols. (Appeddor SDS page gels and
chromatograms). EK cleavage reactions werdadhout on HTEKBfr constructs using the pure
EK_C122S His5 enzyme under different buffer conditions to obtain an optimal set of conditions.
Three buffer systems were employed; the buffer suggested for the commerctdl ERI(NaCl,
2 mM CaCs, 20 mM TrisHCI-pH 8.0), the buffer used by Skataal (50 mM NaCl, 50 mM
Tris-pH 7.5) and a Bfr substrate buffer supplemented with £400 mM NacCl, 2 mM CaG) 50
mM Tris-pH 8). The EK_C122S His5 construct was expected to cleave similarly to the
commercial light chain, but there were additional peaks detected in the +ESI data (Figure 3.1.2)
which would appear to correspond to nonspecific cleavage at X+1 (18494 Da) and two others in
the flexible regions of the tag (19702 Da and 19528 Da). The clegaitern observed confirms
the reported promiscuous behavior of the EK enziAflé3135138 and necessitated a new protocol
for WTBfr production as described in the next section.

What was learned from these experimetgspite the outcome anet limited ta (1)
acquiring the technique of isolating an active ezy(@¢ mastered the technique of unfolding and
carefully refolding an enzyme to remove inclusion bodies and activating the ezyimay (@)
adjust thechrotat@raphic condition,benzamidine chromatography, to preserve the intergrity of
the purified proteins. Moreover, documenting the outcome contributes to the knowledge about

fussion tags and how they can be used for complex systems.
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Figure 3.1.2. +ESI MSresults for enterokinase Histag removal The top panel shows the total
conversion of HTEKBfr to HWTBfusing the commercial Eihile the bottom shows a mixture

of fragments from the expressed EK enzyme. The sequence indicates the possible cleaving sites.

3.1.4. Removal of the EKEnzyme after Cleavage

Since the expressed EK enzyme did not produce reasonable amounts of HWTBfr, the
remaining stock of the HTEKBfr was cleaved with the commercial EK enzyme. After the
cleavage reaction, the enzyme was remowedibning a benzamidine column which removes
serine proteases such as EK. The buffer contained 0.5 M NaCl and 0.05INCT+sH 7.5
while the elution buffer contained 0.5 M NaCl and 10 mM HgH 2. Due to the acidic nature of
the elution buffer, the fidion tubes were supplemented with 200(each) of 1M TrisHCI -pH
9 to neutralize and stabilize the eluent. Figure 3.1.3 below shows the elution profile from a 1 mL
benzamidine column running at 1 mL/min. Most of the cleaved proteins were abgetlie100
% elution buffer(Figure 3.1.8, lane 5) with littleunreacted HTEKBfr (Figure 3.1b3lane 4)
which was not ionized on the +ESI since it showed the cleaved product in 100 % abundance

(Figure 3.1.2, top panel).
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The final step was to run the isolatd@vVTBfr fraction (from lane 5) on size exclusion
chromatography and to obtain the quaternary structures in solution. The sample was exchanged
into SEC buffer (150 mM NaCl, 5&@M HEPESpH 7.5) and loadedono a Sep-30&acr yl E S
10/300 HR column. The elutigmrofile showed HWTBfr as dimeric. However, the presence of
heme did not shift the protein to higher oligomers, unlike the other Bfr constructs. A significant
shift toward the 24mer form required extended heating at elevated testyre, as seen in Figure
3.13%. The extended heating led to significant protein loss and may not serve as a useful host for
the intended purposes. Therefore, no attempts were made to separate the reaction frem the lab
made EK cleavage. Even though thehakde EK cleavage showédgments that corresponded
to WTBHr, its abundance was low relative to the HWTBfr and others (Figure 3.1.2. bottom panel)
requiring more purification steps to produce very little WTBHr.

Despite the unexpected results obtained here, it highlights thia&athe association of
Bfr subunits beyond dimers is greatly affected by thehinal sequence and even the presence
of a single bulky amino acigike histiding can altogether abolish a2der formation. The
previous WTBfr production from WTBIfr plasas (without any tags) was further optimized, in
the next section, to produce WTBIr for protein engineering.
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Figure 3.1.3. Enterokinase removal and characterization of HWTBfr(a) The serine protease
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80 °C for 30 min (purple).
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3.1.5. Wild-type (WT) Bacterioferritin Purification

The WTBTr from constructs were expressedtircoli, and the cells were harvested and
lysed similarly to the Hidagged constructs. The crude supernatant from the cell lysate was
heated for 10 min at 70 °&nhd allowed to cool to room temperature before centrifugation to
remove insoluble and denagar protein from the lysate. The protein solution was applied to an
ion exchange column, BioRad UnoQ1, in binding buffer and eluted with a 1 M NaCl gradient
(Figure 3.1.4). SDS analysis on the fractions showed about 80 % of the protein in the salt gradient
(Figure 3.4) with a few higher molecular band proteins, requiring further purification steps. The
Se p h ac+200HE 108300 column was used for this purpose. The pooled fractions were
concentrated down to 10 mL in the eluent buffer (50 mM MOPS, 1.5 M, p&lZ.5), the higher
salt concentration aided DNA removal. Analysis of the gel image (Figure 3.1.4 b) showed
significant loss of protein in the flowthrough, but exhibited higher 260 nm absorbance than 280
nm absorbance, indicating high DNA contaminatiod hence these fractions were not collected.
The 100 % gradient fractions showed higher molecular weight protein bands, which necessitated
an additional puri f i €@60t10/306HRscollmp (running & 0.SreLpéra cr vy |
minute, in 500 mM NaCBEO mM MOPSpH 7.5) was used to remove contaminants; the elution
profile generated two wetkesolved peaks that were analyzed on 15 %-8BBGSE for WTBfr
bands. The first peak, at retention time -320min, was WTBfr (Figure 3.1.4 c, gel), but the
second pak at time 3543 min did not show any WTBIfr protein bands. The 260 nm absorbance in
the fractions of peak 1 significantly decreased. However, the higher molecular weight bands
persisted in lanes associated with the WTBfr peak, which were initially ass@o&domeric
forms of WTBfr (monomer, 18.5 kDa; dimer, 37 kDa, tetramer 74 kDa). There were no visible
protein bands in peak 2.

Positive ESI mass spectrometry was used to validate the mass on the WTBfr fractions, and
the deconvoluted spectrum showed aBifTprotein mass (Figure 3.1.5.) as the most ionizable
species in solution. The abundance of monomeric WTBfr could imply that the protein solution is
purely WTBIfr, and the higher molecular weight bands resulted from subunit association. The
association cdd have occurred upon cooling of the SDS samples before electrophoresis. The
guaternary structures were analyzed by employing size exclusion chromatography. The WTBfr

protein existed as an ensemble ofi2drs, dimers, and monomers (Figure 3.1.6). The deoul
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peak (RT, 40 min) corresponds to aggregates, and the broad peak is a distribution of WTBfr
oligomers.

Despite the reasonable amount of WTBIfr protein (22 mg/L) obtained from the above
protocol, there was a significant amount of protein loss in theHlough that resulted in low
protein yield. This problem persisted after column regeneration. Hence an ammonium sulfate
precipitation protocol (Figure 2.2.1) was utilized after the heat treatment and DNase | incubation
steps. This protocol replaces the excthange chromatographic step, yet produced pure proteins
with reasonable yield (approximately-38 mg of protein per liter of cell growth).
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3.2. Heme Encapsulation

The Bfr heme cofactor hdmeen reported to drive the formation of ther@dr quatenary
structure of this proteffias well as to facilitate iron hse from the ferroxidase st The
ability to remove and reinsert heme into the dimer interface makes the Bfr platform amenable to
hememediated modifications without employing changes in the amino acid residues in the Bfr
protein. The heme encapsulation is monitored viali&/spectrecopy dugot he heme gr oup
spectral changes upon binding to Bfr, and the resultant oligomerization can be visualized utilizing
size exclusion chromatography (SEC) as well as transmission electron microscopy (TEM). Size
exclusion chromatography was ugedrisualize the oligomeric forms (quaternary structures) of
the prdein in solution by loading purifiegrotein samples onto highe s ol ut i on Sephactr
columns. The relative molecular masses of the proteins were estimated from calibrations curves
(from the separate columns. Appendix 3). SEC was also used to isolate encapsulated Bfr from
free Bfr monomers and dimers after hgaest interaction, based on their hydrodynamic radii or
distinct host absorbance peaks.

Unlike other hemdinding proteins which regre the heme cofactor for proper folding
(example, mitochondrial cytochrome’é§ Bfr properly folds in the absence of its heme cofactor,
into apoBfr, leaving an empty herinding site. The recombinant Bfr proteins used in this work
initially contained deficient levels of the native heme cofactor which could bibesto the
overproduction of high levels of proteins within a short period with the inability of heme
biosynthesis to provide the high levels of heme required for complete holoprotein formation.
Hence most of the Bfr constructs were initially monomeridimeric in solution and required the
addition of exogenous heme to form the intach#ts. Heme binding begins with a subunit
dissociation step (declustering), followed by heme addition and a final reassociation (reclustering)
step. The deustering aget used must sufficiently open up the hebmeding interface, hence
temperatres ranging from 70 °C to 8C“were used. At the encapsulation temperature, the Bfr
molecules were dissociated, but not denattitednother route that was investigated was
incubatingat lower temperatures (38 °C) for extended times {2 h). However, incubating the
Bfr and the heme at these lower temperatures for extended periods generated only dimers in
solution (data at shown). The products of the binding interactions were visualized by employing
UV-Vis spectroscopy or the appearance of a Soret band at approximately 415 nm in the

protein/heme absorbance spectrum (Figure 3.2).
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Additionally, the reaction mixture was assed using SEC for the nature of quaternary
structures in the solution since dimers, trimers, and other intermediate forms of Bfr also produce
Soret bands. The Soret band results from the axial ligation of methionine 52 to the heme
molecule!® Figure 3.2 illustrates the heme epsalation process for WTBfr with the UWs
scan (left panel) showing the emergence of a Soret band upon adding heme to apo WTBfr. A size
exclusion profile of the encapsulated WTBfr generated a majanetdband (green and purple

curves) from the heme reastituted WTBfr unlike the ensemble of oligomers in the apo WTBfr
(blue and red curves)
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Figure 3.2. WTBfr heme encapsulatonThe SEC col umnr3001820pHRawasy | E S
run at 0.5 mL/min in a 150 mM NacCl, 50 mM HEPES-p8 buffer.

3.2.5.SedimentationVelocity Studies

Eventhough WTBfr may not be required for most of the guest encapsutdtidies
(except Histagged guest moleculeshuch effort was made to obtain significant quantities of
WTBHr since it has been demonstratedtontrolthe size of the Bfr capsulé® Theprocess of
mixing WTBfr and HisBfr constructs is useful for reducing the internal steoading
associated witthe multiplehis-tags in thel00 % HisBfr capsulé?revious research by Anton

van der Vel° showedthatlarger and dynamic guest molecules such as streptadid be
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encapsulated by using a mixture of 40 % WTBfr &8s HisBfr. Alsg C19-NTA lipid
encapsulation studiedescribed irsection 3.6requires a 50 %: 50 % mix of HisBfr and WTBfr
to regulatehie Bfr capsule dimesions. Hencet least 40 % of HisBfin a capsule is sufficient to
stabilize the guest via Hi¥i2*-NTA interactions.

Analytical Ultracentrifugation analysisas used to study the oversfidimentation
patterns of Bfr samplega) 100 % HisBfr+ hemeand(b) 50 %HisBfr + 50 % WTBfr+ heme
Thehemewas used to lock the subunits into ther2dr conformationThe primary aim of ta
AUC experimerg wasto characterize the two Bfr mixtureshe expected moleculareight of the
100 %HisBfr based on the amino acid sequence iski#) whereas th&0 % HisBfr + 50 %
WTBTr is 456.6 kDaassuminghey exist ashobi2. Also, other oliganeric forms are expected
since there is an equilibrium between subunits and th@&4n solution (evenn the presence of
heme)

The sedimentation velociplots (Figure 3.2.1yvere obtained by fitting the velocity and
the residuals scamsppendix 10) with the Sedfit and normalizing in Gu3sie sedimentation
velocity analys on sample400 % HisBfr + hemeg) and50 % HisBfr + 50 AN TBfr, b)
producedslightly differentsedimentation patterns shown in 3.Hbwever the degree of
symmetry (f/fo) similar for both samples wittample ahavinga value ofl.2 and phaving a
value of1.17; hencethe mixing did not affect the roughly spherical arrangement of subunits.
Overall, sample BFigure 3.2.1. byvhich is a mixture of WT and His Bfr showedwer species
than the 100% HisBfr sample, the predominant spéaedag a molecular weight 0472.3 kDa
whereas the mixed sw®le, bexhibiteda molecular weight of 498.8 kDaonsistent with the 100
% Histagged Bfr having the greater molecular weigjhe data indicates that there could be
mixing of subunits in the 50 % VBIir + 50 % HisBfr subunits which led to lower molecular

weight species in solution.
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Figure 3.2.1.The distribution of species in solutionFor. (a) 100% HisBfr + hemeshowing 4
populationsof molecular weights68.3 kDawith 5.0 S(sedimentatiorroefficien), 208.1 kDa
having10.6 S ,498.8 kDawith 189 S, and 1029 kDa with30 .6 S. (b) 50 % HisBfr $0 %
WTBfr + heme has 3 populatioris02.6 kDa472.3 kDa , an@14.5 kDa MWs having
sedimentation coeffients 0f6.4S, 17.7 S, and 27.6 S, respectively. Sedimentations were

performed at 20 000 rpm.

3.3. Transglutaminase (TGasetatalyzedSurface modification
Transglutaminase is an enzyme that catalyzes the posttranslational formation of a covalent
isopeptide bond hhew e e carbaxyl group of glutamines in a protein of interest (POI) and an
i ncomi ng pr {amiroilysine af ariothee protelth, and deamination of glutamine (when
the donor groufs replaced by wateff° The reaction is illustrated in Figure 3.3. The covalent
nature of the new bonds that are formed makes them resistant to proteolytic degradation, and they
have exceptional mechanical properties. Hence TGases have become usefilipro€essing,
and materl sciences as well as health!4?> These TGases have become popular in the food
industry due to their abilities to form crelisked products that improve the texture of foods such
as wheat proteins, beef myossoy proteins, and whey proteis.For example, TGase has been

used to produce cuts of meats (Steak) by joining small pieces of beef.
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