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ABSTRACT OF THE THESIS

Applying ESI-GEMMA towards the Study of

Large Protein Complexes
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Kristina Pan Woodruff
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Professor Joseph A. Loo, chair

Electrospray ionization (ESI) coupled to gas-phase electrophoretiditpnotolecular analysis
(GEMMA) is a soft ionization technique capable of charadtagizarge protein complexes.
Particles are separated by their mobility in air and thizie is determined as electrophoretic
mobility diameter (EMD). This data can be converted to moleowkight information by
modeling the particles as spheres and taking into account Weeage density. Here we adapt
ESI-GEMMA towards the study of 1.5 MDa E2 protein cages and 9 MHD# nanopatrticles.
Recombinant vaults with N- and C- terminal tags of varyinganaere used as standards to
calibrate the GEMMA data specifically for the study of vault pemes. We used this improved
calibration to evaluate the composition and integrity of differentiltvareparations.
Additionally, we quantified the capacity of vaults to be loaded wrbtein drugs and monitored

the stability of these formulations over time.
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Chapter 1

Introduction

1.1 Gas Phase Electrophoretic Mobility Molecular Analysis (GEMMA)

The ability to probe the structure and composition of protein compbexegell as the dynamics
of their assembly is central to understanding biological processdEswever, accurate
determination of this information for large protein assembliesames an ongoing challenge
(Freeke et al., 2010). Techniques that provide high-resolution strugaieglsuch as NMR and
X-ray crystallography, require high sample purity and imposddiions on protein size (Loo
1997). Mass spectrometry differs from these methods in its iségsiiacilitating the study of
less concentrated samples (Kirshenbaum et al., 2010). Protedds no¢ be purified to
homogeneity, allowing one to concurrently examine discrete specgéesample and determine
their relative abundances. Lastly, the rapidity of mass speetry assays allows for real-time
monitoring.

ESI-GEMMA (electrospray ionization coupled to gas-phase elglotretic mobility
molecular analysis) is a method capable of acquiring size iatam for large protein
complexes. This soft ionization approach preserves non-covalent bondstipgime study of
intact macromolecular assemblies. However, as protein sizeages, the number of possible
charge states for the ESI-generated gas-phase ions alsstesscdlhe consequential abundance
of multiply charged ions makes spectra interpretation diffihttalf et al., 1999). The ESI-
GEMMA setup addresses this impediment by utilizind®o o ionization source to neutralize
multiply charged ions to singly charged species (Ebeling et al.)200@ instrument separates

these neutralized particles according to their mobility in @nd detects their size as



1.1 Gas Phase Electrophoretic Mobility Molecular Analysis (GEMMA)

electrophoretic mobility diameters (EMD) (Thomas et al., 200BMD can be converted to
molecular weight by modeling the particles as spheres andgtakio account their average
density valuegKaufman 1998). The features of ESI-GEMMA discussed above make the
technigue amenable to the study of large protein complexes such as 9 MDa vaults.
Although standards of known molecular weight are readily availablemaller proteins,
considerably less GEMMA data has been compiled for larger coagp(&addis et al., 2007). It
will be important to establish whether the EMD-mass correlatidmbited by small proteins
holds true for assemblies exceeding 1 MDa. We are also iat@ras determining to what
degree the structure of a protein influences its EMD. GEMMperdormed in the gas phase,
and proteins may undergo configurational changes upon desolvation. Wermpeksti raw
EMD measurements require correction before they can acgurafidct a native protein in

liquid media.

1.2 Vault Protein Complexes

Vaults are hollow 13 MDa ribonucleoproteins with an interior volummgelaenough to
encapsulate hundreds of proteins (Mikyas et al., 2004; Kong et al., 1988)ablindance of
vaults in the cytosol and their highly conserved nature renders timéikely to trigger an
immune response (Suprenant et al., 2002). The vault complex selfdassdrom 78 copies of
the 97 kDa major vault protein (MVP), which contributes to more @4 of the vault particle
mass (Kickhoefer 1999a,b; Tanaka et al., 2009). Endogenous vaults kagguhwith VPARP
(vault poly ADP ribose polymerase), which ADP ribosylates i@etf MVP. TEP1 (telomerase-
associated protein 1) occupies the vault interior in lower quantitées VPARP and assists in

loading vault RNAs into vaults. The small untranslated VRNAsI{\RNAS) associated with



1.2 Vault Protein Complexes

TEP1 are transcribed by PollllOne of these VRNAS has been shown to regulate32¥, a
drug-metabolimg enzyme, by an miRN-like mechanism (Persson et al., 209

As demonstrated in Figure he MVP subunits may be modified at tdeand C- termini
to generate vaults with pharceutical applications (Kickhoefer et al2005). These
modifications generallynaintain the vault's shape and stabildespite their effect on increas
molecular mass. Vaults bearing various tags caexpeessed and purified as MVP comple
devoid of vPARP, TEP1, and vVRNA (Step et al.,2001). Accordingly, recombinant vaults ¢
potentially serve as molecular weight standeto calibrate ESISEMMA for the analysis of
large protein complexes. By investigating thetrefeship betweetthe theoretical mass of vai
variants andheir experimental EMIvalues, we derived a relationshipttee suited fc the mass
determinatiorof vaults. Evaluatic of vault structure allowed us to ascertainethe or not this

correlaton could be applied towardarge protein complexes in general.

Cterm =—=p
Half-vault
da| exchange , ,””' lll.
N term —3 il h“ _l'tll'
Nterm —> [ilf ) Mfl'*“

Cterm —>»

Figure 1. Structure of the recombinant vault (from Yang et al., 2010 andKickhoefer et al., 2005) Top:
Each vault half consists of 39 MVP subunits. Tt- termini may be modified to include antib¢-binding
domains. Nterminal modificationalter the vault’s abilityo separate at the waist. Botl: Blue represents the
MVP “shell”. Yellow represerstencapsulated proteirhatinteract with MVP through fuselNT domains.
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1.2 Vault Protein Complexes

Vaults have been implicated to participate in many pathways imgjuzill signaling, nuclear-
cytoplasmic transport, multidrug resistance, and innate immuBngér et al., 2009). Although
the precise function of these complexes remains elusive, vaultherged as potential drug
delivery agents due to their large hollow structure (roughly 4@0x x 67 nm) and
biocompatibility (Tanaka et al., 2009). In drug delivery efforts,tegns of interest (i.e.
chemotherapeutic CCL21 and model antigen ovalbumin) can be fused & Tthelomain of
VPARP (amino acids 1563-1724) (Yang et al., 2004; Song et al., 1997; Kieklsbefl., 2005).
This domain binds to the MVP subunits at the interior of the vault, andcabating the INT
fusion protein with MVP during the vault purification process is swffic for encapsulation
(Poderycki et al., 2006) (Figure 1). However, the propensity of the eanplsplit at the waist
during half-vault exchange raises the question of whether or nofud&d therapeutics will
escape from the vault before arrival at the target destin@fimmg et al., 2010). ESI-GEMMA
provides a convenient method to quantitate initial drug loading otsvauld monitor loss of

encapsulated drug over time.

1.3 E2 Protein Complexes
E2 is the dihydrolipoyl acyltransferase component of the pyrud@btgdrogenase dacillus

stearothermophilus (Domingo et al., 2001).This protein is also expressed in mammals, yeast,
fungi, and gram-positive and gram-negative bacteria. E2 proteinsil@ssento cages, with
subunit organization varying by species (Patel and Korotchkina, 2006)obtined fromB.
stearothermophilus is often referred to as virus-like particles (VLPs) desaitack of sequence
homology and distinct function from viruses (Trovato et al., 2012). ddngparison arises from

structural similarities; E2 complexes, HIV, rice dwarf viragd coronavirus spike protein all



1.2 Vault Protein Complexes

consist of trimer intermediatébar assemble into dodecahedral configurations et al., 1996;
lwasaki et al., 2008; Delma al, 1990; Izard et al., 1999).

The 28 kDa catalytic core of E2 containC-terminal domain thdacilitates organizatic into

trimers (Trovato et al., 2012)Subsequently, twenty trimers aggregate to a 60-chain core
(Perham 2000)Figure 2). Extensive hydrophobic and electrostatieractions amongst tl

subunits impart stability to the sfold (Peng and Lim, 2011). The complemolecula weight

exceeds 1.5 MDa, comprisiran outer diameter of 24 nm, a hollow ¢ with a diameter of 1.

nm, and 12 openings of 5 nm each (F and Lim, 2011). In vivo, up to 60 copies (E1 (2-

oxoacid decarboxylase,150 kDa) and E3 (dihydrolipoamide dehydrogene~100 kDa)
enzymes noncovalently associate with themer E2 (Domingo et al., 200Perham 1991, 200

2002).

Self-
assembly

Monomer
Figure 2. Structure of the E2 comple (from Peng et al., 2012).

Clearly, the oganized E2 scaffold posses a high capacity for accommodating proteins or
surface. As long as the @rmini are maintained to guide formaton of the 6-mer, the N-

termini of the E2 subunits can be mfied to display exogenous peptides (Domi et al., 2001).



1.3 E2 Protein Complexes

Introducing residues at the N- and C- termini or at the iintmatrinterfaces may also generate
E2 complexes with controlled assembly and altered pH sensitRégg and Lim, 2011). For
example, Peng and Lim have demonstrated the irreversible pH-agthgesassociation of E2
proteins containing N-terminal truncations (Peng and Lim, 2011).

Although sensitive to pH, E2 complexes are resilient to hBastearothermophilus are
viable at temperatures ranging from 30 to 75 °C (Peng and Lim, 2011), c¢ogf&® with
stability up to 85 °C (Dalmau et al., 2008). Indeed, the robust intatinteractions impede
attempts to isolate E2 monomers, despite the use of high conaargratichaotropic salts and
denaturants (Peng et al., 2012). Chaperonins are not requili@dvifivo renaturation of the 60-
mer VLP from its constituent trimers (Lessard et al., 1998). The stuthgsd tomplexes is also
facilitated by the fact that E2 can be expressdel ooli, bypassing the need for more expensive
mammalian or baculovirus cell culture (Trovato et al., 2012).

E2’s natural function as a structural scaffold, its high therrtebilgy, and its pH-
dependent assembly have generated interest in the fields iokeergg and vaccines. For
example, De Berardinis and colleagues have successfully proikedaffolds that display
HIV antigens (Trovato et al., 2012). Mice immunized with these gh@stimounted strong,
sustained antibody responses. Another recent effort involves desigiAggsponsive
complexes with enhanced endosomal escape properties (Peng and Lim, 2B&13bility to
implement E2 fusion proteins as therapeutics will undoubtedly remiéesive characterization
of their properties. ESI-GEMMA could provide an insightful tool tonmor the composition,

assembly, and disassembly of these complexes.



1.4 Aims of Study
This project utilized ESI-GEMMA technology to probe the compositind dynamics of vault

protein complexes. The vault samples that we analyzed in thdy blave been extensively
described by other techniques. This insight allowed us to &BRIMA specifically towards
vault proteins and to improve the accuracy of molecular weightatems. Additionally, we
evaluated potential applications of ESI-GEMMA for the study of E2 protein congplexe

This study consisted of six specific aims:
1. Recalibrate GEMMA for the study of vault proteins
. Elucidate structural changes to the vault upon transition to the gas phase
. Quantify proteins encapsulated inside the vault

2

3

4. Evaluate retention of vault-encapsulated proteins over time

5. Investigate the effects of vault sample preparation on GEMMA spectra
6

. Apply GEMMA towards the study of E2 protein complexes



Chapter 2
Methodology

2.1 GEMMA Instrumentation

ESI-GEMMA instrumentation (TSI Inc., St. Paul, MN) casts of three componer as depicted

in Figure 3 an electrospray ionization (ESI) unit, a differ@hmobility analyzer (DMA), and

condensation particle counter (CPC). Details miggrthe instrumentation have been descr

elsewhere (Bacheast al., 2001; Kaufman et , 1996; Kaufman 1998).

cozinl Ail”" 210p,

Inlet Agrosol Aerosol [T
Capillary to DMA inlet
I = T R

2 || o

Insulators oL /
+ - . 4
3KVDC . _— T
Sample ¢ | +
Aerosol + to Detector
Electrospray DMA (differential mobility analyzer)

Figure 3. Schematic of GEMMA instrumentation (from Bacher et al., 2001).

Condensor
(10C)

Acrosol ‘ Saturated

Vapor Inlet
Inlet T (37 C)

CPC{condensation
particle counter)

ESI unit with neutralizing chamber (operated at atnospheric pressure and roon

temperature)

The sample solution entetise instrument through a fused silica capillary d long, :5 pm

I.D. and 150 um O.D.) thad connected to a hi-voltage source. On the other end, the capi



2.1 GEMMA Instrumentation

is ground to a conical shape at an angle of 75° to form the ES/ gpraA thin Pt electrode
immersed in the sample solution serves as the return connection pmditige side of the
electrospray voltage supply.

At the entrance to the electrospray chamber, the spray tigrisuaded by filtered air
(flow rate of 1 to 2 L/min) and a concentric flow of €®.1 L/min) that stabilizes against
corona discharge. Upon pressurizing the sample vial compartmenguildesbmple is aspirated
through the capillary and enters the electrospray chamber. hEipe ®f the emerging droplet
can be adjusted by regulating the electrospray voltage. Fse #tedies, measurements were
performed in “cone jet” mode, with an operating voltage ranfyimg 1.5 to 2.5 kV and currents
ranging from 200 to 300 nA.

This process produces multiply charged aerosol droplets that cordipudmcrease in
size due to evaporation. The droplets are swept into the neungathamber, where they
encounter bipolar ions. These bipolar ions result from the reactioedretyases present in the
compartment and @°%Po« ionization source (5 mCi, model P-2042 Nucleospot local air ionizer;
NRD, Grand Island, NY) (Ebeling et al., 2000). The ESI-genenatgitiply charged analyte
species are largely reduced to neutral charge upon exposure tpdla ns. At this stage,
further evaporation has occurred as a consequence of the inteydioreen primary gas ions
and multiply charged analyte molecules.

DMA unit (operated at atmospheric pressure and room temperature)

In the DMA, the analyte particles are separated by #leatrophoretic mobility in air. The ions
flow through a system of two coaxial cylindrical electroddhe potential difference between
the central electrode rod (connected to a negative power supply)handuter electrode

(grounded) gives rise to an electric field. Along with an orthogtamainar flow of a sheath of

9



2.1 GEMMA Instrumentation

air (15-20 L/min), this applied radial electric field directs thns into an exit flow. This process
selects for singly charged ions. Negatively charged spaogesepelled by the inner electrode.
Neutral particles exit the DMA along with the sheath air,clvhis recirculated after filtration.
Particles of specific electrophoretic mobilities (EM) canseéected by adjusting the voltage
difference between the two electrodes. In these studies, we sampled &2 EMD range.
CPC unit (operated at atmospheric pressure and temperatures of 10 and 3C)°

The CPC unit detects and counts the selected particles. Theatsdpmns are exposed to
saturated-butanol vapor at 37 °C. Upon cooling to 10 °C, the vapor condenses around the ions.
The n-butanol-coated particles increase in size to the extentiégtcan be measured by light
scattering (in the micrometer range).

Data Generation

Spectra were generated using Aerosol Instrument Manager 8ffWal Inc.), which scans the
DMA voltage and records data. These studies employed a 135 s1&fals Of increasing
voltage and 15 s to return to the original voltage). Ten conse@dares over the entire EM

range were complied to produce one GEMMA spectrum. No smoothing algorithm wiasl.appl

2.2 GEMMA Spectra Interpretation
Counts (equivalent to abundance) of particles are displayed on the (f-apire 4). The x-axis
corresponds to the EMD (electrophoretic mobility diameter, in nnithefparticles. The EMD

listed for each sample is the centroid of the peak of interest.

10



2.2 GEMMA Spectra Interpretation

500 -

450 -

400 -

350 A

300 o

250 A

200 A

Particle Counts

150 A

100 A

50 4

0 = T T T T T 1
0 10 20 30 40 50 60

Electrophoretic Mobility Diameter {nm)

Figure 4. Sample GEMMA specrum of a CP2 vault The CP2 vault is a stable, ~Ma protein complex.
The peak at 37.3 nm represents the singly chaagedfithe intact vault. Peaks of lower abundzrepresent
multiply charged ions.

2.3 Sample Preparation ancOther Methods

Vault Sample Preparation:

Vaults were expressed and purit as described previously (Poderyaki al., 2006). Unless
otherwise noted, nowelatile salts were removed fromsamples using Millipor
Microcon centrifugal filter dvice: (YM-100). Vaults were exchanged int@@a mM ammoniun
acetate, pH 7.4 buffer.Samples were typicly run at a concentration of Sug/mL. Other
desalting techniques includ@dhermo Scientifi Slide-A-Lyzer Dialysis Cassett (7K MWCO)

and Millipore C18 ZipTips. The GEMMA instrumentation was operated under the caooait

described by Kaddis et aK#&ddis et al.2007).

11



2.3 Sample Preparation and Other Methods

E2 Sample Preparation:

E2 samples were purified by M. Posner at the University of Bath, UK. Lyophilaedlss

were reconstituted in filtered water. E2 samples were desalted agctvdhe same procedures
used for vaults, except that filter devices with a lower molecular weiglaffc(M-10) were
selected. In addition to Microcon centrigual filter devices, Thermo Skeestide-A-Lyzer
Dialysis Cassettes and Bio-Rad Micro-BioSpin size exclusion col@@éaMWCO) were used.
SDS-PAGE Gels:

Samples were treated with NuPage LDS sample buffer and Muldgcing agent and boiled
before loading. 12% NuPage Bis-Tris gels were run in MES Saing buffer for
approximately 50 minutes at 200V, 125mA, and 100W.

LC-MS:

In-solution trypsin digestion

5 pg of vault protein was reduced in 2 mM freshly prepared dithiaath(®TT) for 30 min, at
60 °C. The mixture was cooled to room temperature and the cystsidaes were alkylated in
the dark, in 20% molar excess of iodoacetamide, for 45 min at 45 %@ réekction was
guenched by adding DTT to a final concentration of 2 mM. Modifigastn was added at an
enzyme/substrate ratio of 1:50 (w/w) and proteolysis proceeded givewith stirring at 37 °C.
Digested samples were dried in a SpeedVac and redissolved in 50 pL of 0.1% ohfodnic
Liquid chromatography

Chromatographic separation was achieved using Waters nanoACQUHANC BEH C18
column (1.7 pm, 75 pm x 100 mm, 10K psi). The mobile phase (flow ra@e3gfL/min)
comprised a gradient mixture of (A) 0.1% formic acid in watedt 88) 0.1% formic acid in

acetonitrile. A mobile phase with 97% concentration of (A) agdied for 10 min to desalt the

12



2.3 Sample Preparation and Other Methods

peptides. The concentration of (A) was decreased to 50% oveiod ped 00 min to elute the
peptides. Mobile phase A was further decreased to 2% over a peoahiofites, then held at
2% for 10 minutes to wash off any remaining peptides. The coatentrof (A) was then
increased to 97% over a period of 15 min to equilibrate the column. The column tenepeestur
set at 28 °C.

Mass spectrometry analysis

Mass spectrometry of tryptic vault peptides was performettingl a Waters Xevo quadrupole
time of flight (Q-TOF) mass spectrometer coupled direailya tWaters nanoACQUITY UPLC
system. All analysis was performed using positive mode elecapsonization (ESI). Liquid
chromatography mass spectrometry (LC-MS) data was adgoyraalternating low energy MS
with elevated energy MS/MS (M$ In low energy MS mode, data was collected at a constant
collision energy of 6 eV. In elevated energy MS/MS mode, thiesion energy was ramped
from 15 to 40 eV laboratory frame energy to collect the product ioa#i pfecursors identified
in the MS scan.

LC-MSand LC-MSMSdata analysis

The LC-MS and LC-MS/MS data were processed using Proteinglobal server version 2.5
(Waters corporation). Proteins were identified using MS/MS piskdf MS data-independent
collision-induced fragmentation that were generated from the segseof the vault and
encapsulated proteins. Protein identifications were accepted withthmn three fragment ions
per peptide, seven fragment ions per protein, and one unique peptide per plenéired.
Carbamidomethyl cysteine was set as a fixed modification aitized methionine was set as
variable modification. Trypsin was specified as the proteobnzyme and up to two missed

cleavages were allowed, with a false positive rate of 4%.

13



Chapter 3
Recalibration of GEMMA for the Study of Vault Proteins

Previously, the Allmaier and Loo laboratories reported the GEMMADEMeasurements of
more than 40 protein complexes (Bacher et al., 2001; Kaddis et al., 2007). Thess sang#d
greatly in size, including the 93 kDa enolase dimer and the 4.6 MDpeeoehlorotic mottle
virus. These proteins served as molecular weight standardsmMinarh a relationship between
EMD and mass could be derived.

The following equation models the particles as spheres in ordelctdata volume from
measured EMD, as reflected by thg6J(EMD?) term. Incorporation of a density terrd) (
allows for conversion of volume to mass. Avogadro’s numbeg) idNincluded to convert the
mass of a single particle into molar mass.

MW = (8)(No)(w/6)(EMD?) (1)
As illustrated in Figure 5, Loo and colleagues plotted the moleeudgghts of the samples
against the experimental EMD data (Kaddis et al., 2007). Fitting this dajadtan 1 gave rise

to an average particle density of 0.58 gicm
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3. Recalibration of GEMMA for the Sudy of Vault Proteins
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Figure 5. Correlation between electrophoretic moliity measured by ESI-GEMMA and molecular

weight (from Kaddis et al., 2007).Data represents a range of proteins and noncovaletgin complexes.
This calibration was performed including four vault variants as immglecular weight standards.
At the time of publication, the number of MVP subunits in the vault compés accepted to be
96, based on a crystal structure solved by Eisenberg and colleg@gwe=son et al., 2007).
However, a more recent, higher resolution crystal structure hesrdieed this copy number to
be 78 (Tanaka et al., 2009). The actual theoretical mass of vatlsrésore lower than the
previously accepted mass that was used to calibrate GEMMA amadgsis. The formerly
derived average density of 0.58 gfcthus stands to be corrected, as it is the crucial liaison
between GEMMA EMD measurements and mass determination.

A more accurate calibration may be obtained by simply amenlégault data points in

Figure 5 to reflect their true molecular weight. Howeverthis study, we propose that the

accuracy of the curve may actually be improved upon omission of vstaltslards. The
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3. Recalibration of GEMMA for the Sudy of Vault Proteins

electrophoretic mobility of vaults deviates from expected valuesalties vault’s distinct shape
and “hollowness” (discussed in Chapter 4), raising concerns ovehavhat not the complex
accurately represents a typical large protein. Neverthekess,still possible to conceive a
corrected curve that can be applied uniquely towards the investigation of vagilhgrot

To recalibrate the EMD-mass relationship specifically fartvaroteins, vault samples of
various theoretical mass were measured by GEMMA (TableAlthough elongated in shape,
vault particles were modeled as spheres (equation 1) to Sirdata interpretation. A density of
0.45 g/cni was derived from the best-fit curve (Figure 6). This nemsity value provides an
improved EMD-mass correlation that is specific to vaults. Theevaf 0.45 g/cmaccounts for
the non-spherical shape and “hollowness” of the vault, allowing st@&BEMMA techniques to
be applied towards vaults. The ability to accurately convert EtB to mass will prove useful
in characterizing unknown samples and quantifying the amount of preteapsulated inside

vaults.

Table 1. Molecular weight and electrophoretic mobity diameters (EMD) of recombinant vaults
analyzed in this study.

MW of MVP MW of vault  EMD (nm), EMD (nm),
Vaul®  monomer (kDd) (MDa)° M+t M*2
B2 100.62 39 29.1 20.7
CP2 96.81 7.6 37.3 26.3
CpPz 100.90 7.9 38.2 26.8
PVT-Z 106.76 8.3 39.3 27.6

®Protein tag sequences: MAGCGCPCGC GA (N-term, CR@ GPZ); MARYRCCRSQ SRSRYYRQRQ
RSRRRRRRSC QTRRRAMRCC RPRYRPRCRR H (N-term, PVT-ZNMQQQR RFYEALHDPN
LNEEQRNAKI KSIRDD (C-term, PVT-Z and CPZ); EEEEEKHN-term, B2).

®As calculated based on sequence.

°As determined by multiplying molecular weight o&tMVP monomer by 78.

982 sample consists of half-vaults.
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3. Recalibration of GEMMA for the Study of Vault Proteins

The vaults analyzed in Table 1 migrated at the ebgakesize for intact vaults, except for the
sample. The MVP subunits of B2 vaults conta-terminal glutamic acidich tags that crea
charge repulsion at the waisknteresingly, all of these particles migrated at the size expuk

for half-vaults, and no particles representing the full treuglre observed.

10 1

6=0.58 g/cm?

6=0.45 gfcm?

Molecular Weight (MDa)

0 5 10 15 20 25 30 35 40
Electrophoretic Mobility Diameter (nm)

Figure 6. Correlation between electrophoretic mobility measued by ES-GEMMA and molecular
weight for vault proteins analyzed in this stud.

As a measure ofeproducibility, vault GEMMA measurements obtainedthis study wert¢
compared to those reported by Kaddis . (Table 2 and Figure 7K&ddis et al.2007). The

data obtained by Kaddis et al. was amend reflect the true MVP copy number of
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3. Recalibration of GEMMA for the Study of Vault Proteins

Table 2. Molecular weight and electrophoretic mobility diamders (EMD) of recombinant vaults
measured by Kaddis et al(Kaddis et al., 200).

MW of MVP MW of vault
Vault? monomer (kD& (MDa)* EMD (nm)
NT 97 7.6 36.1
CP2 98 7.6 J.E
HT7 100 7.8 3.3
GL 124 9.7 427

®Proteintag sequences: none (); MAGCGCPCGC GA (N-term, CA2 MGSSHHHHHH SSGLVPRSH
MASMTGGQQP W (Nterm, HT7); MSKGEELFTG VVPILVELDG DVNGHKFSVS GEGEGDATY(
KLTLKFICTT GKLPVPWPTL VTTFTYGVQC FSRYPDHMKQ HDFFKSAMPE GYVQERTIFI
KDDGNYKTRA EVKFEGDTLV NRIELKGIDF KEDGNILGHK LEYNYNSHNV YIMADKQKNG
IEDGSVQLAD HYQQNTPIGD GPVLLPDNHY LSTQSAISKD PNEKRDHMVL
LEFVTAAGIT HGMDELYKP (N-term, GL).

®As determined by MALDI-TORMS.

°As determined by mullying molecular weight of the MVP monomer by

IKVNFKIRHN

12 -

11 1

10 1

Molecular Weight (MDa)

+ This study

Kaddis et al.

5 10 15 20 25 30

Electrophoretic Mobility Diameter (nm)

35 40 45

Figure 7. Comparison of data obtained in this study to valueseported by Kaddis et al (Kaddis et al.,

2007).

Curve represents new MW/EMD correlal determined in this study, reflectiag average density of 0.

glent,
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Chapter 4

Structural Changes to the Vault upon Transition tothe Gas Phase

Previous studies have indicated that vault complexes may collapsecegase in density upon
transition to the gas phase (Kaddis et al., 2007). With regards MMBE this phenomenon
could give rise to EMD values that underestimate the actuabéittee vault. If this increased
density were not accounted for during conversion of EMD to molecudmyhiv(equation 1), the
calculated molecular weight would underestimate the actuak mésthe sample. This
discrepancy impedes the identification of vault complexes of unknoass.m Accuracy is
especially required to quantify the amount of drug encapsulatedeinsiult samples. We
probed this issue by investigating the densities of vaults under three diffendrtans:
1) The theoretical density of an empty vault complex in solutionutzkd from crystal
structure dimensions
2) The average density of empty vault samples in the gas phassyrements obtained
from GEMMA)
3) The average density of protein-filled vault samples in the gasepfrmeasurements
obtained from GEMMA)
The crystal structure of the vault (Tanaka et al., 2009) ireScdimensions of approximately
400 x 400 x 740 nm. By modeling the vault as an ellipsoid, a particle valti;8989 x 10’
cm’is obtained. Given that the mass of a single vault particle (MVP only) is 1.2408 g, 1be

density of a vault particle in aqueous solution corresponds to 0.22 abie 3).
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4. Sructural Changesto the Vault upon Transition to the Gas Phase

Cap-ring
(~50 A)

Shoulder
(~254)

Body
(~175 A)

Waist -

Cap-ring
(~130 A)

~400 A
Figure 8. Crystal structure of vault (from Tanakaet al., 2009).

As established by the data presented in Figure 6, vaults subjecEEsl-GEMMA conditions
exhibit an average density 0.45 gfcffiable 3).

Should the MVP shell be rigid, the addition of proteins inside the wvealid not be
expected to alter the dimensions of the entire complex. Howeve@ry@Rts that encapsulate
CCL21-INT migrate at a higher EMD than empty CP2 vaults, ititigaa larger EMD (37.3 vs.
38.9 nm; refer to Figure 10 for data). The packaged CCL21s®é¢mingly protects against the
compaction that the gas-phase empty vault may undergo. If theoftees packaged CCL21-
INT is excluded in calculations, the filled CP2 vault has a redatensity of 0.41 g/chowing
to its larger size (Table 3). The mass of each encapsutiié@1-INT is 33.3 kDa (to be

discussed in Chapter 5).
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4. Sructural Changesto the Vault upon Transition to the Gas Phase

Table 3. Density of the vault under various condibns. The average density of particles analyzed by ESI-
GEMMA is 0.58 g/cri(Kaddis 2007)

Vault density

Conditions (g/cnt)
Aqueous 0.22
Gas phase (GEMMA) 0.45
CCL21-INT packaged inside 0.41

We believe that the difference in density between the empty ah@CIBIT-filled vaults is
significant and not due to stochastic fluctuations in measuremAtihough there is some
variance amongst biological and technical replicates, these ghsaies are not large enough to
account for the difference in EMD which we observe between thea@B2Z2P2-CCL21-INT
vaults.

For example, we found the EMD of CP2 vaults to be 37.3 nm, while Katldit e
reported a value of 37.5 nm (Kaddis et al., 2007). This 0.2 nm differencarspp&gnificant
when compared to the 1.6 nm difference in the EMD values of the &P2 1tm) and CP2-
CCL21-INT (38.9 nm) vaults. Moreover, as discussed in Chapter 6, vapatameters such as
vault protein concentration, salt concentration, and sample age haveibhegéfect on
measured EMD. The CP2-CCL21-INT samples were also anadbyze@-MS (Chapter 5), with
results that support our GEMMA data.

Interestingly, the ability of encapsulated proteins to affeetviault’'s dimensions appears
limited to the gas phase. Vaults packaged with only TEP1 or botiRWP#d TEP1 exhibit
EMD values of 38.0 and 40.1 nm, respectively, when analyzed by GEMf{add(s et al.,
2007). As discussed in Chapter 5, these numbers signify that one cihyey284 kDa TEP1 is
inside the TEP1l-encapsulating vault (Table 4). In addition to ong ©bpTEP1, the

TEP1/VPARP vault contains six copies of the 195 kDa vPARP.
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4. Structural Changesto the Vault upon Transition to the Gas Phase

Cryo-EM studies report the native dimensions of both TBRd TEP1/VPARP vault samples
be the same (72.5 41.0 nm) despite their differe amount of contents (Mikyas et al., 200-
We therefore miss the possibility that encapsulated protesnsse the vault to bulge, leadi
to increased dimensions in both the solution arddpdeases. Rather, we propose that pack
proteins prevent collapse of the vault under-native (i.e. gas-phase) catidns (Figure 9).
This hypothesis reconciles the observations th#t bmpty and packaged vaults are of iden

size in solution, yet exhibit different size (EMRlues) in the gas phas

P2 effective size
transition to determined by
gasphase GEMMA
—_—
CP2 +CCL21

empty vault experiences greater

equivalent size in solution state SRR
compaction in gas phase

Figure 9. Proteinencapsulating vaults experience less cqaction upon transition to the gas phas.
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Chapter 5

Quantitation of Proteins Encapsulated inside the Valt

In designing a vault drug delivery platform, thexapc froteinscan be fused tthe INT domain
of VPARP. Thisdomain interacts wit MVP subunits on the inner shelf the vault, facilitating
encapsulation of the fusion protein (Kickhor et al., 2005).As previously mentioned, loadir
of vaults with proteins such as CCI-INT prevents complete contraction of the vault u
transition to the gas phaseadéng to a EMD increase that is detectable B2MMA. Figure 10
demonstrates thah¢ empty CP vault has an EMD of 37.3 nm wherehg vault loaded witl
CCL21-INT exhibits arEMD of 38.9. As discussed in Chapter 4, we believe that thi gh

EMD is significant.

100 -
90 -
80 A
70 A

60 4

50 4 —_—CP2

40 ——(CP2+CCL21-mINT

30

Normalized Counts (Rel. Int. %)

20

10

15 20 25 30 35 40 45 50

Electrophoretic Mobility Diameter {nm)

Figure 10. GEMMA spectrum of CP2 vaults packaged with CCL2-INT compared to spectrum of
empty vaults. Centroid of CP2 peak: 37.3 nrCentroid of CP2+CCL21-INpeak: 38.9 nn
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5. Quantitation of Proteins Encapsulated inside the Vault

The mass contribution of CCL-INT to the filled vaults can be obied by calculating the shi
in EMD upon CCL21-INTencapsulatic. Using equation 1 with the vaudpecific GEMMA
density of 0.45 g/cfh this difference in size can be converted to diffiee in mass. Taking in
account the molecular weight of the CC-INT fusion protein (33.3 kDa)the number of
proteins encapsulated ide each vault can be asse-.

This GEMMA-basd method for quantifying encapsulated proteins ‘compared to
data acquired by LC-MS.In addition, we asayed CP2 vault preparationhat had been
incubated with varyingmounts of CCL2-INT. Testing hese samples allowed us to ascer
that ourtechnique was sensitive enough to detect smallggsmmthe quantity olencapsulated

CCL21. The resultare summarized in Figure .

B CP2 Vault B CP2 Vault
. . (MVP (MVP
Biological subunits) subunits)
sample #1 ccL21 ccLa1
16 copies 9 copies
Biological B CP2 Vault B CP2 Vault
iologica (MVP (MVP
sample#2 subunits) subunits)
ccL21 ccL21
24 copies 31 copies

Figure 11. Vault encapsulationquantified by GEMMA and LC-MS. Biological mple #1 was incubate
with a 3:1 molar ratio of CCL2INT:CP2, whereas sample #2 was prepared wahLanolar raticof CCL21-
INT:CP2 Percentages reflect molar rat
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5. Quantitation of Proteins Encapsulated inside the Vault

After performing LC-MS to verify that GEMMA can accuratejuantify encapsulated CCL21,
we then examined the GEMMA data obtained by Kaddis et al. (Kaddas.,, 2007). These
samples were packaged with TEP1 and vPARP, the endogenoustim¢epacteins of the vault
complex. The copy numbers of TEP1 and vPARP inside the vaults caknélated by the

method used for CCL21.

Table 4. Molecular weight and electrophoretic mobity diameters (EMD) of recombinant vaults
prepared with encapsulated proteins measured by Katis et al. (Kaddis et al., 2007).

MW of MVP MW of vault EMD Copies Copies

Vault monomer (kDd) (MDa)* (hm) TEP1 VPARP
VMVP/TEP1 99 7.79 38.0 <1 0
VMVP/VPARP/TEP1 99 9.15 40.1 1 6

*Peptide tag sequences: MGYTDIEMNRLGKP (v, vsvg-MYMPDYKDDDDKY NASR (VPARP FLAG tag);
MIANVNIAQE QKLISEEDLA QEQKLISEED LAQQSGGGLD (TEP1 duble myc sequence).

®As determined by MALDI-TOF-MS.

°As determined by using the EMD data, eq 1, and/het-specific GEMMA density of 0.45 g/cim

The empty 78-subunit vMVP vault is expected to have a molecular weight2 MDa. Due to
encapsulation of TEP1 alone or a combination of TEP1 and vPARP, tiptesaepresented in
Table 4 exhibit increased masses of 7.79 and 9.15 MDa, respectiveycalVilated that less
than one copy of the 294 kDa TEP1 is retained inside each vVMVP/TERL vessuming that
one copy of TEP1 is present inside the vMVP/VPARP/TEP1 vaultspuvel fthat the remaining

mass corresponds to 6 copies of the 195 kDa vVPARP.
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Chapter 6

Retention of Vault-Encapsulated Proteins over Time

As discussed in Chapter 5, our GEMMA results verified that bothfid&d proteins (CCL21)
and proteins that associate with the endogenous vault (TEP1 and vieairBg successfully
incorporated inside the vault. However, vaults readily split atwhest during half-vault
exchange (Yang et al., 2010). The feasibility of proposed vault-bdseg delivery must
consider whether the INT-MVP interaction is strong enough to ptddd -fused proteins from
diffusing out of the vault during half-vault exchange.

To probe the strength of the interaction between INT fusion protée&idshe vault, we
monitored the loss of encapsulated fusion proteins over time. Sincegackdé CP2 vaults
with CCL21-INT increases the EMD of the vault particle (FegB), loss of these encapsulated
proteins should confer an EMD closer to that of the empty vault. aReoly, after storage at 4
°C for 123 days after the initial measurement, the EMD valud®ibf the empty vault and the
CCL21-packaged vault were unchanged (37.8 and 38.4 nm, respectivel\Figae 12).
Despite the marked decrease in particle abundance, these iedidé&ge no loss of MVP

subunits or of encapsulated CCL21-INT fusion proteins over time.
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6. Retention of Vault-Encapsulated Proteins over Time

Particle Counts
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Figure 12. GEMMA spectra of freshly purified and aged vault samples.Left: empty CP2 vaultsCentroid
of both peaks is 37.8 nnRight: vaults packaged with CCL-INT. Centroid of both peaks is 38.4 nrAged
vaults were stored at £°for 123 day:
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Chapter 7
Effects of Vault Sample Preparation on GEMMA Specta

The CPZ vault contains a 4.1 kDa, 33 amino acid Z domain at the @wesrmo facilitate
antibody binding for receptor-mediated targeting (Kickhoefer.e@0D8). Unfortunately, these
vaults proved difficult to assay by GEMMA. Samples preparedchbytypical vault desalting
protocol (Microcon YM100 desalting into 20 mM ammonium acetate, pH 7.4)agiehlno
signal above background when tested by GEMMA, except for onenaestacorded in Table 1
and Figure 6.

Investigation via SDS-PAGE revealed that Microcon desaltingdesignificant loss of
sample. In Figure 13, the amount of desalted (DS) CPZ sacguled was 2.8¢, if assuming
zero loss of sample during desalting. However, the weak intesfsihe band as compared to
the non-desalted sample (neat) indicates that the majorite @RZ protein was lost during this

processing. CPZ vaults packaged with CCL21-INT and Ova-INTbdgbdi the same trend.
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7. Effects of Vault Sample Preparation on GEMMA Spectra

CPZ CPZ+ CPZ+
hCCL21-INT Ova-INT
neat Ds neat Ds neat Ds

6.3 pg 2.3z 6.8 pg 2.3p 5.2pg 2.3 g

180 kDa
— " . e | < cPzito1koa)
115 kDa

32kDa €— Ova-INT (62 kDa)

64 kDa
49 kDa

37 kDa

<€— hCCL21-INT (33 kDa)

Figure 13. SDS-PAGEanalysis of untreated (neat) and desalted (DS) CPZault samples. ug amounts of

protein reflect the theoretical amount loaded (asB8g no protein loss during desalting
ZipTip treatment was also attempted ane prepared samples were characte by SDS-
PAGE (Figure 14).During this procedurethe protein present in a sample alic is extracted
from solution by aspirating wita pipette tip packed with chromatography media. Zipd'ip is
washed and the desalted protein is eluted with G &citonitrile, 0.1% trifluoroacetic aci
solution. Had all protein been successfully aspirefrom solutionand retained on the ZipTi
the remaining ZipTigreated solion (“after ZT”) should contain a minimal amount protein.
However, the abundance pifotein in thi “after ZT” sample and thabsence of protein in the z
elution (ZT) irdicate that this approach was tsuccessful in initially capting the sample on
the chromatography media. idlysis desalting we attempted, yet these samples eexhibited

no signal on GEMMA.
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7. Effects of Vault Sample Preparation on GEMMA Spectra

CcpPZ CPZ + hCCL21-INT CPZ+ Ova-INT

neat T after ZT neat T afterZT neat Fa) afterZT
31pg 3.4 pg 2.6 pg

130 kDa

115 kDa

82 kDa

64 kDa

Figure 14. SDSPAGE analysis of untreated (neat) and ZipTip treatd (ZT) CPZ vault samples ug

amounts of ZT protein reflect the theoretical antdaaded (assuming complete efficiency and zers thging

ZipTip processing).
Since we were unable to perfo desalting with high sample recoverwe examined th
possibility of skipping the deseng stepand diluting directly into the GEMMA running buff
(20 MM ammonium acetate). adlt sample areobtained in a variety of buffers, such as 20 |
MES, sterile PBS, or sterile sal. The protein concentration typicalexceeds 500ug/mL;
dilution to 50ug/mL for GEMMA equates to a 100 fold or higher dilutiofor the 20 mM MES
buffer, the final salt concentration would be restilito 20(uM or less.

To establish how therpsence of nc-volatile salts ofmicromolar concentration wou
impact GEMMA, CP2 vaults wel assayed. As displayed in Figure bypassincthe desalting
process resulted in a substahtincrease in sign. The differege in counts between n-
desaltedand desalted CP2 vau (both of which were initially at aivalent concentrions)

signifies that 80% of CPRroteir was lost during desaltingHowever, the nc-desalted sample
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7. Effects of Vault Sample Preparation on GEMMA Spectra

exhibits increased noise in the low EMD range, mdstly due to low milecular weight

contaminants that wouldave otherwis been excluded during desalting.
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Figure 15. GEMMA spectra of untreated and column desalted CP2 vaults Samples werprepared from
equivalent starting concentrations.

Given our succes with the CP2 vaults, wassayed CPZ vaults usirthe same approact

Despite skipping the desalting step ediluting the vaults into variouduffers (ammoniun

acetate 20 — 100 mM, pH 7, 7ahd 8), we were unable to obtaisgectrum for CP samples.
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Chapter 8
GEMMA for the Study of E2 Proteins

Similar to the CPZ vault sample, we encountereficdlties in our attempts to evalu E2
proteins by GEMMA. Sampteprepared by the typicdesédting protocol (Microcol YM-10
columndesalting into 20 mM ammonium acetate, pH 7.4)ldigg no signal above backgrou
when analyzed by GEMMAThe use of varioubuffers (ammonium acetate — 100 mM, pH
7, 7.4, and 8) proved unsuccessful in resolving pnedicamer Unlike the CPZ vaults, whic
were weakly recovered from the desdg columns,the E2 protein appears to have b

completely lost (Figure 26 Purifications 1 and of E2 bothyielded the same rest

257pg  103pg 16 pg bpg

180 kDa

115kDa
82kDa

64 kDa

Figure 16. SDSPAGE analysis of untreated andcolumn desalted (DS) E2 samples pg amounts of
protein reflect the theoretical amount of lyopleliz sample loaded (assuming no protein loss di
desalting). Massf lyophilized samplemay not directly correlate to mass of E&pending on purificatio

method,varying amounts of salt also coibute to lyophilized sample mas$wo different preparatiol, 1

and 2, of E2 were tested.
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8. GEMMA for the Sudy of E2 Proteins

We attempted dialysis and size exclusion chromatograf8EC), yet these samples a

exhibited no signal on GEMMA. SDS-PAGE revealedhat SEC, like Microcon colum

treatment was unsuccessful in recovering desalted pr (Figure 17). Interestingly, the

denaturing conditions of gel electrophorewere not sufficient to disrupt E intratrimer

interactions. Titration with increased amountsaafucing agent had no effect on trimer stab

This stable trimer represents the mostndant species in botRigures 16 and .. A band

migrating at the expected range for the hexamaisis observed

1,245pug
2.4x

0 1x - 0 1x - 0 1x - 0 1x -

1,5EC, 111 pg

2.4x

2,154 g
2.4x%

2,5EC, 7 pg
2.4x%

180 kDa

115 kDa

82 kDa

64 kDa

49 kDva

37 kDa

hexamer

trimer

monomer
(25 kDa)

Figure 17. SDSPAGE analysis of untreatedand sizeexclusion chromatography (SE()-prepared E2
samples. pg amounts of protein reflect the theoretical anicafnlyophilized sample loaded (assuming
protein loss during desalting)Mass of lyophilized sample and may not directly correldb mass oE2
(depending on purification method, varying amouwftsalt also contribute to lyophilized sample me Two
different preparations, 1 and &, E2 were teste
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8. GEMMA for the Sudy of E2 Proteins

The stability of the E2 trimer led us to question whether wedc@dlate and observe this
species via GEMMA. We therefore prepared samples in a vasfetienaturing conditions
(reducing agent and 0.1% acetic acid) in conjunction with theltoigsanethods described
above. Although desalting previously caused loss of the 60-mer E2 ecolffjpjures 16 and
17), we reasoned that desalting with denaturing solvents would disruggctiias amongst
subunits, preventing aggregation and increasing recovery. Neverthgksgsere unable to
obtain GEMMA spectra for these denatured samples. Unlike the pegtarations, the
protein/salt ratio of the E2 samples was quite low. Skipping¢kalting step was not feasible

and led to high background noise that obscured measurement of the E2 complex.
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Chapter 9

Discussion

Development of an Improved Method to Derive Mass from the GEMA Spectra of Vault
Proteins

In an endeavor to improve the accuracy of mass detection techniqudarder protein
complexes, this project adapted ESI-GEMMA towards the study oftsvauDeveloping a
GEMMA-based method for vault complexes is attractive for numereasons. First, vaults
bear promise as drug delivery agents and characterization of these nanscajisodecentral to
advancing their pharmaceutical development (Kickhoefer et al., 200bhd&ter et al., 2008;
Han et al., 2011). Second, recombinant vaults are approximately 9 M@®apmplexes of this
size remain largely unexplored by GEMMA or other mass spempic techniques. Third,
vault MVP subunits can be stably modified at the N- and C- terrgenerating a variety of
standards of different theoretical mass. Lastly, vault stru@ndesubunit composition have
been well-studied by other techniques such as crystallographglectdon microscopy (Tanaka
et al., 2009; Kickhoefer et al, 2005). Data from these altern@&olhmigues can be incorporated
into the establishment of a GEMMA-based method to accuratehsume the mass of vault
complexes.

A range of vault samples was tested and EMD values wastteghl with their
corresponding theoretical masses (Figure 6). Using the methodbéesby Kaddis et al., we
modeled the particles as spheres and calculated an average parigity of 0.45 g/cfin(Kaddis
et al., 2007). This number differs from the previously reported valu@5& g/cni due to
improved crystal structure data that allowed us to use 78 as thienacopber of the vault MVP
subunits instead of
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9. Discussion

96 (Tanaka et al., 2009). Since we were interested in develogiighlst accurate correlation
for vault complexes only, we excluded other proteins from our célocota
Furthermore, as evinced by the notably low density of vaults inoaguaedia (approximately
0.22 g/cml) compared to the higher density of the average GEMMA-analyzeteipr(0.58
g/cnt), using vaults as universal weight standards should be approacheuwtitn, as they do
not represent the typical protein.

Vault Structure Impacts Ability to Predict Mass from EMD

To evaluate reproducibility of our GEMMA measurements, we reqaldtie vault EMD values
and mass reported by Kaddis et al. alongside our own (Tabhel Figure 7) (Kaddis et al.,
2007). Although the molecular weight-EMD correlation derived inghidy models the general
trend of the samples tested by Kaddis et al., some discrepaocasur. In one instance (NT
vault) our model underestimates the mass of the complex. In ottes, dae., GL vault), our
model overestimates the mass.

Based on the stability of the vault over time (refer to Cha@jerwe can rule out
differences in sample age as a contributor to the discrepand&SMMA data. Disparities in
sample preparation are equally unlikely to contribute. As discuss&hapter 7, the vault
concentration, salt concentration, and pH of the sample have neglefiigict on GEMMA
spectra.

Rather, we suspect that the unique identity of the modificationsladdbe vault N- and
C- termini account for the variability in EMD. For example, enordered N-terminal amino
acid tags would be expected to stabilize the vault at the.walgs reinforcement may oppose
the collapse and decrease in size typically experienced byatlie upon transition to the gas

phase. Conversely, more disordered tags may enhance the propensity of tloecestitatt.
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9. Discussion

The EMD values of NT (no tag) and CP2 (cysteine-rich ¥ag)ts support this theory. The CP2
vaults migrate at an EMD that is 1.4 nm greater than the EMDlofaults, despite just a 1 kDa
difference in the mass of the MVP subunits (Table 2). Indeed;B#tag has been shown to
stabilize the vault structure, most likely through inter-subunit ddsilbonds at the waist

(Mikyas et al., 2004).

The lower than expected EMD of the B2 samples may alsoxpkimed by this
hypothesis (Table 1 and Figure 7). These complexes exist matkeault conformation due to
an N-terminal glutamic acid-rich tag that creates chaggalsion at the waist. A half-vault may
be more prone to shrinking than an intact vault due to lack of stabiiizieractions at the waist
region. Similar to the TEP1 and TEP1/VPARP-encapsulating vauttssgesd in Chapter 4,
solution-state B2 vaults display no significant aberrations misizomparison to empty, intact
vaults. Furthermore, when analyzed by microscopy B2 complexeslitikaindication of
compaction. However, during GEMMA analysis, transition to the ¢g@se may magnify the
capacity of different tags to impact the vault’s dimensionsis property could provide a means
to probe the robustness of different vault structures.

Vault Complexes Compact upon Transition to the Gas Phase

Comparable to reinforcing MVP tags, encapsulated proteins appeapart stability to the
vault structure. Protein-filled vaults migrate at a higher EMD thanyeoguhplexes (Figure 10).
Since the encapsulated proteins interact directly with the MM, gt is feasible that they
prevent complete collapse of the vault upon drying from the aqueoes skae densities of
these samples (excluding the mass of encapsulated proteinspd@rand 0.41 g/chfor the
empty and filled vaults, respectively. Interestingly, calcatatf the vault’'s density in solution

revealed a value of 0.22 g/ém

37



9. Discussion

We should point out that the value of 0.22 giésma rough estimation. One must bear in mind
that this value derives from modeling the vault as an ellipsoid.adtual density of the vault is
expected to be slightly higher, since the contouring of the satffice leads to an actual volume
smaller than that predicted by the ellipsoid model.

Nevertheless, the approximately 0.22 to 0.45 g/shift in density equates to a 49%
reduction in particle volume upon desolvation. Assuming that all 3 diovensf the ellipsoidal
vault shrink by proportional amounts, the gas-phase dimensions are 788s@bf the aqueous
vault. This phenomenon is not unique to vault proteins. Recent studiesehiaaéed similar
compaction of the 800 kDa GroEL tetradecamer upon transition tcathplse (Hogan et al.,
2011). On the other hand, some complexes may not experience any aitrcitéunges upon
desolvation. Our laboratory has previously determined that certas capsids, whether empty
or containing RNA, migrate at the same EMD, presumably due tastabcigidity (data not
shown).

In addition to structural changes induced by desolvation, abnormal pdatesity may
cause deviation from the expected EMD. For example, the 4.6 MBpgeeochlorotic mottle
virus migrates at an exceptionally low EMD for its mas9plfing the density of the average
particle to GEMMA data would underestimate the virus’ molecwksight; the particle is highly
dense due to single stranded RNA packaged inside the viral capsid€Sale, 1994). These
cases highlight the importance of investigating solution-statieiprstructure and density before
applying the conventional density of 0.58 gldmcalculate mass from GEMMA data.
Stoichiometry of Protein-Encapsulated Vault Complexes
The susceptibility of the vault structure to packaged proteins caxgieited to quantify the

capacity of vaults as drug delivery agents. The difference in bEliveen filled and empty
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9. Discussion

vaults can be converted to mass difference as discussed in Chapber S5SEMMA-derived
guantification exhibited agreement with LC-MS results, corredato 24 and 31 copies of
encapsulated CCL21-INT, respectively (Figure 10). Moreoves,dhta corroborates with the
expected stoichiometry of the CCL21-packaged vault. The INT domaimeo€CL21 fusion
protein binds to the MVP monomer, of which there are 78. Cryo-electicnoscopy data has
revealed that this binding occurs near the vault waist, manifessibgnds of intense staining on
each vault half; refer to Figure 1 for reconstruction of EM d#&takhoefer et al., 2005).
Although this configuration provides for 78 possible CCL21-INT bindingssitsteric
interactions amongst the adjacent encapsulated CCL21-INTaeuld forestall saturation of
binding.

We also measured encapsulation in a vault sample that was prepdhe lower
concentrations of CCL21. Our measurements yielded 16 and 9 copieSLAIANT for
GEMMA and LC-MS, respectively (Figure 11). Thus both GEMMA ar@@MS techniques
were capable of distinguishing between different preparations of CCL21dNT samples.

Using the same technique, we determined the stoichiometry of aEdPYPARP/TEP1
packaged vaults (data obtained by Kaddis et al.), concluding thay btdEP1 and 6 copies of
VPARP were packaged inside these samples (Table 4) (Kaddis 20Q¥). Our results agree
with the nature of these encapsulated proteins. TEP1’s RNA bifuthiogon allows it to assist
in packaging RNA inside the vault (Kickhoefer et al., 1999a,b). vPédr®ains an INT domain
that binds directly to MVP (Kickhoefer et al., 1999b). As discussé&hapter 6, this interaction
is highly stable and it is not surprising that more copies of WPAR incorporated into the vault
than TEP1. In support of this presumption, electron microscopy dateeveasled that two

copies of TEP1 and eight molecules of vPARP per vault are most probable (KongGagjl.,
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9. Discussion

Stability of Vault Complexes

The ability to distinguish between vaults prepared with differanbumts and types of
encapsulated proteins attests to the sensitivity of the GENd#dAnique. Such resolution would
be ideal for monitoring subtle changes in vault composition under diffeoaakitions, such as
long-term storage of samples. In aged samples, GEMMA spexidited decreased overall
abundance of protein (Figure 12). Remarkably, we witnessed ngeharthe EMD of the
vaults, whether empty or packaged with CCL21, after storage atfdr ‘& period of 123 days.
These results confirm the stability of the MVP shell and the tobas of the association
between MVP and INT fusion proteins.

Optimization of Sample Preparation

We were surprised to find that one of our vault samples, CPZ, gasigmal when prepared by
conventional methods and assayed by GEMMA. This result is pgzalithe light of the SDS-
PAGE data, which revealed that protein, although of low concentratiag, present in the
desalted sample (Figure 13). As we have established with ouestaflithe CP2 sample,
GEMMA is a fairly sensitive technique and even minor concentratadngaults should be
detectable. Numerous variations on sample preparation (dialydiZipTip desalting, altering
buffer concentration and pH) were unsuccessful in recoveringnalqiFigure 14). We suggest
that the intact CPZ vault is refractory towards ionizationréasons unclear but related to the
presence of the Z tag at the C-terminus.

Applying GEMMA towards the Study of E2 Protein Complexes

Similar to the CPZ vault, we experienced complications duringrthlysis of the E2 complexes.

SDS-PAGE revealed that the desalting step, despite the use tgflenolethods and buffers,
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9. Discussion

caused complete loss of protein (Figure 16). Unfortunately, skjdbie desalting step resulted
in high background signal on GEMMA, precluding sample measurement.

We propose that the samples may have aggregated and been excludgdtidur
desalting process. Indeed, E2 fusion proteins are typically gaififom the insoluble inclusion
bodies ofE. coli and must be denatured and slowly refolded by dialysis in order to gbtalvle
VLPs (Trovato et al., 2012). Although we received pure E2 saniptgshilization may have
influenced protein solubility. Simply reconstituting the lyophilizainples in water may not
have been sufficient to restore solubility.

Nevertheless, we did obtain results that attest to the syatfilihe E2 functional unit. In
accord with the results documented by Peng et al., strong denatondgions allowed us to
observe the E2 trimer by SDS-PAGE (Figures 16 and 17) (Peaf;, 2012). These trimers

resisted dissociation into monomers.
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Chapter 10

Conclusion

Using ESI-GEMMA (electrospray ionization gas-phase electroplkorbbility molecular
analyzer), we analyzed vault complexes composed of modified MVisstbWe explored the
effects of desolvation on protein compaction and investigated diffenethods of sample
preparation to optimize GEMMA for the study of large protein comgdesuch as vaults. An
EMD-molecular weight correlation specific to vault proteinssvestablished after finding the
average particle density to be 0.45 gicrysing this correlation, we determined the capacity of
vaults to be packaged with CCL21 protein therapeutics to be on the aird® or 30.
Subsequent assays revealed that the concentration of intact vaults dexreatese. However,
our results attest to the remarkable stability of the MVH,shdicating no loss of subunits from
the remaining soluble vaults. We also observed complete retentiencapsulated proteins.
From the standpoint of employing the vault as a drug delivery atiestfeature is highly
desirable because premature release of drug can be avoideder®ienable to obtain GEMMA
measurements for both CPZ vaults and E2 complexes. We sugdesitehaative sample
preparation methods may make such measurements possible. As det@dfst these studies,
GEMMA can be successfully adapted towards the study of highcolateweight protein

complexes to yield essential information regarding structure and stotnjom
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Chapter 11

Future Directions

Recent endeavors have generated modified vaults that bind to monoigGnalntibodies
targeting the epidermal growth factor receptor (EGKRickhoefer et al., 2008). Antibody-
bound, drug-loaded vaults can then be directed to EGFR-overexgressicer cells. Packaging
an endosomal lytic protein inside the vault allows for endosomapesoh co-encapsulated
therapeuticgHan et al., 2011). However, this mechanism is dependent upon the abbibyh
the lytic protein and drug to be released from the vault once inside the endosome.

In future studies, it will be interesting to quantify the amounig@ antibody bound to
these EGFR-targeting vaults. It will also be of significance to eteaitault integrity and release
of drug at endosomal pH. The success of attempts to confer wathltsontrolled opening and
closure properties may also be monitored by GEMMA.

With regards to our unsuccessful characterization of E2 complexesuggest that
purifying the proteins at a lower salt concentration mayilitate subsequent GEMMA
measurements. Should the concentration of E2 be sufficiently high cemshpasalt, it may be
possible to simply dilute the sample into GEMMA running buffer. @&#t data demonstrates
that skipping the desalting step does not impact the integritiieospectra and significantly
increases signal (Figure 15). As established by this ewmpetj the desalting step appeared to
cause complete loss of E2 protein and should be avoided if possible.

While this study successfully determined an EMD-mass correlation isgecifaults, this

method may not be useful for other large and mid-size protein corsptiiee to the unique
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11. Future Directions

density and shape of the vault. The EMD-mass correlation curraség to interpret the
GEMMA spectra of average particles has been derived phymaiom the data of small
proteins (Figure 5). Data for proteins beyond 1 MDa is uncommon; imetusf samples of this
size would render GEMMA more accurate for application to mid ange Isize protein

complexes.
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