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Abstract

Nanoparticles are widely used in many fields of our lives including pharmaceutics as well as
food technology, electronics, optics or cosmetics. For the characterization of nanoparticles
microscopy based methods like transmission electron microscopy (TEM) can be applied.
Another method which provides information about the nanoparticle size distribution receiving
increasing attention is gas phase electrophoretic mobility molecular analysis (GEMMA).
GEMMA separates single-charged analytes after they have been transmitted to the gas phase
according to their electrophoretic mobility (EM) diameter. At standard conditions, analytes
are fed continuously (in steady state) to a fused silica capillary, aerosol is generated at the tip
of this capillary in the electrospray (ES) unit of the instrument due to applied pressure,
voltage as well as a mixed air / CO; sheath flow. Aerosol droplets are dried and at the same
time charge reduction in a bipolar atmosphere occurs. All non-volatile components of a given
droplet aggregate to a single particle upon drying. Therefore, for complex samples, e.g.
samples with a high salt content, the detection of individual analytes without salt aggregates
on the surface of molecules is not possible: Corresponding EM diameters of analytes detected
in GEMMA appear higher. In this work the additional electrophoretic separation of analytes
in the liquid phase of the nano ES capillary of a standard, commercially available GEMMA
instrument was developed. This additional electrophoretic separation of analytes in the liquid
phase was demonstrated (proof of principle of operation) via two standard proteins, BSA and
IgG. Furthermore, on-line desalting of these analytes could be shown. The new method was
also applied for the analysis of biological nanoobjects (e.g. vaults or functional protein

complexes). The separation of vault artifacts and vsvg-MVP vaults was demonstrated.



Kurzfassung

Nanopartikel finden im taglichen Leben in vielen Bereichen, wie beispielsweise der
Pharmazie, Lebensmitteltechnologie, Elektronik, Optik oder Kosmetik Verwendung. Fur die
Charakterisierung von Nanopartikeln werden zumeist mikroskopische Methoden wie
Transmission Electron Microscopy (TEM) verwendet. Gas Phase Electrophoretic Mobility
Molecular Analysis (GEMMA) stellt hierzu eine duf3erst interessante Alternative dar, die
Auskunft tber die GroRenverteilung der Nanopartikeln bietet. Bei GEMMA Messungen
werden einfach geladenen Teilchen nach ihrem Electrophoretic Mobility (EM) Durchmesser
aufgetrennt, nachdem sie zuvor in den gasformigen Zustand ubergefiihrt worden sind. Unter
Standardbedingungen erfolgt durch eine fused silica Kapillare eine kontinuierliche
Analytzufuhr. An der Kapillarspitze (innerhalb der Elektrosprayeinheit (ES) des Instruments)
entsteht ein Aerosol durch Wirkung eines angelegten Druckes an die Probelosung, einer
angelegten Hochspannung sowie einer Luft / CO, Strémung um die Kapillarspitze. Die
Aerosoltropfen trocknen im Luftstrom und gleichzeitig wird die Ladungszahl in einer
bipolaren Atmosphére reduziert. Alle nichtflichtigen Komponenten eines gegebenen
Tropfens aggregieren bei Trocknung zu einem einzigen Teilchen. Das hat zu Folge, dass die
Detektion fur komplexe Proben (z.B. mit hohem Salzgehalt) unméglich ist: die ermittelten
EM Durchmesser und deren Verteilung erscheinen durch Anlagerungen von z.B.
Verunreinigungen an Analytmolekilen deutlich héher und breiter. In dieser Arbeit wurde die
vorherige elektrophoretische Auftrennung von Analyten in der Flissigphase der nano ES
Kapillare eines kommerziellen GEMMA Standardinstrumentes entwickelt. Diese zusatzliche
elektrophoretische Auftrennung der Analyten in der Flussigphase wurde mittels zweier
Standardproteine (BSA und 1gG) gezeigt. Desweiteren wurde das on-line Entsalzen derartiger
Analyten damit demonstriert. Die neue Methode wurde auch fir die Analyse von
Bionanopartikeln  (z.B.  Ribonukleoproteinkomplexe - Vaults oder funktionelle
Proteinkomplexe) verwendet. Die Analyse von Vault Artefakten und Vaults Konstrukten wie

vsvg-MVP wurde gezeigt.



Zusammenfassung

In dieser Arbeit wurde die elektrophoretische Auftrennung von Standardproteinen in
der Flussigphase (nano ES Kapillare) eines kommerziellen GEMMA Standardinstrumentes
sowohl durch theoretische Modellrechnungen als auch experimentell gezeigt. Der angelegte
Druck in der Probenkammer, die verwendete Luft / CO, Strémung an der Spitze der nano ES
Kapillare sowie der pH des verwendeten Puffers, die Konzentration der Probe und die
Zeitdauer zur Erstellung eines sample plugs innerhalb der Kapillare wurde optimiert. Danach
konnte die Auftrennung von BSA und IgG mit unterschiedlichen Migrationszeiten beobachtet
werden. Desweiteren ermdglichte die neu entwickelte Methode die Analyse von nano ES
inkompatiblen Proben mit hohem Salzgehalt (bis 2 mM) dank on-line Entsalzens: Unter
GEMMA Standardmessbedingungen kommt es zur Aggregation von Analyt- mit
Salzmolekilen bei Trocknung der Aerosoltropfchen in der ES Einheit des Instrumentes. Das
hat zu Folge, dass weitaus heterogenere Verteilungen sowie hohere EM Durchmesser flr
Analyten detektiert werden, was die Bestimmung des EM Durchmessers der Analyten
erschwert oder sogar unmdglich macht. Durch on-line Entsalzen der Probe entsprach der
ermittelte EM Durchmesser jedoch wiederum dem EM Durchmesser der reinen Analyten. Der
néchste Schritt in der Anwendung dieser Methode kann die Analyse von Detergentien

enthaltenden Proben sowie elektrophoretisches sample stacking sein.

Die neu entwickelte Methode fiir die elektrophoretische Auftrennung in der
Flussigphase eines kommerziellen GEMMA Instruments wurde auch fir reelle biologische
Proben angewandt: Vault Partikel wurden mit einem GEMMA Instrument an der UCLA
analysiert. Auch hier konnte eine Auftrennung zweier Analyten gezeigt werden. Zusatzlich
wurden noch Stabilitdtsmessungen von Vault Partikeln (Lagerung bei -20°C fir 48 Stunden

sowie Zugabe von Methanol zu Proben) durchgefihrt.

Auch Hemoglobin-N2N3 Receptor Komplexe sowie TriC-Didemnin B Komplexe
wurden von mir an der UCLA mittels GEMMA analysiert. Es wurde auch die Stabilitat des
MmmZ1-D5-Fusion Komplexes in Losungen mit MeOH-Gehalten bis 30% v/v untersucht.
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1 List of abbreviations

BGE, background electrolyte; BSA, bovine serum albumin; CE, capillary electrophoresis;
CM, capillary electrophoresis mode; CPC, condensation particle counter; DMA, differential
mobility analyzer; DMSO, dimethyl sulfoxide; EM, electrophoretic mobility, EOF,
electroosmotic flow; ES, electrospray; FM, flushing mode; GEMMA, gas phase
electrophoretic mobility molecular analysis; H,O, water; 1gG, y globuline; MES, 2-(N-
morpholino)ethanesulfonic acid; MVP, major vault protein ; m-Cherry, m-Cherry-MVP
vaults; mix, vsvg-MVP and m-Cherry-MVP vaults; MS, mass spectrometry; NH3, ammonia;
NH;OAc, ammonium acetate; NM, normal mode; TEM, transmission electron microscopy;
TUVIE, Vienna University of Technology, UCLA, University of California, Los Angeles;

vsvg, vsvg-MVP vaults



2 Introduction

2.1 Gas-phase electrophoretic mobility molecular analysis
(GEMMA)

In the past years there is an increasing interest in the research and application of
nanoparticles (particles of any shape with dimensions of 1 nm to 100 nm or occasionally up to
500 nm diameter ). The application of nanoparticles includes biomedical @, optical ! as
well as electronic [ fields. After the use of nanoparticles was spread rapidly, the safety
evaluation of nanoparticles became necessary ' which made the characterization of

nanoparticles more important.

For the determination of size distributions of nanoparticles several methods can be
applied, for example transmission electron microscopy (TEM) © or inductively coupled
plasma mass spectrometry (ICPMS) ). Gas phase electrophoretic mobility molecular analysis
(GEMMA) is an electrospray-based method that can provide information about EM diameter
and the size distribution of nanoparticles as well, even allowing single-particle and number-
based detection. It was found that the EM diameter is in an excellent correlation with
molecular mass of peptides, proteins and proteinaceous noncovalent complexes up to 2 MDa
in case of spherical shape of analytes [®.

GEMMA has the following advantages in comparison to other methods (like mass
spectrometry based methods and TEM): (i) fast analysis, (ii) minimal sample preparation, (iii)
lower instrumentation costs and the (iv) capability to provide molecular “size” information
with number-based quantification . A typical GEMMA instrument consists of three
components: (i) a nano Electrospray (nano ES) unit including a neutralization chamber
including a ?°Po-source (ii) a nano Differential Mobility Analyzer (nano DMA) for particle
separation and (iii) a Condensation Particle Counter (CPC) for detection. A photo of the

instrument is depicted in Figure 2.1.



Figure 2.1: Photo of GEMMA instrument at TUVIE

A cone tipped fused silica capillary is immersed into the liquid sample (volatile
electrolyte solution) in a pressure chamber, pressure up to 5 psid (= 0.34 bar) is applied.
Additionally, voltage is employed by a Pt-electrode. Such, the sample is introduced to the
capillary (flow rate 10-100 nL/min) °* *°! and an electrospray is generated (Taylor-cone) at
the cone-tipped end of capillary by (i) the applied pressure difference, (ii) the applied voltage
and (iii) an applied CO; and air sheath flow at the capillary tip. The diameter of multiply-
charged aerosol droplets is decreased due to solvent evaporation until analytes are dried and
concomitantly their charge is reduced by **°Po-source. The majority of particles become
neutral, only about 1% of particles are single charged, a negligible part double or multiple
charged (in case of new #°Po-source with age not exceeding 1 year). The charged particles
enter the DMA in a laminar flow where the separation of particles with different EM
diameters due to a variable potential difference between an outer and a central rod-shaped
electrode takes place. Charged particles are attracted to the central electrode. For one specific
applied voltage, only particles with a narrow EM diameter range possess a correct trajectory

for passing a slit that connects the DMA with the CPC, where particle detection occurs.

The variation of the applied field strength allows scanning of a whole EM diameter size
range. In this way the separation and selection of particles is performed in the DMA (for more

details about DMA see ). A schematic diagram of a nano-DMA is depicted in Figure 2.2.
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Figure 2.2: Schematic diagram of nano-DMA described in %

In the CPC, particles are enlarged by a condensation of supersaturated n-butanol vapor.

The particles are then detected by a diffraction of a focused laser beam ¥,

GEMMA has been already applied for analysis of peptides, proteins, polysaccharides,

glycoproteins, viruses and nanoparticles with success 4.

2.2 Capillary electrophoresis (CE)

CE is a separation method based on differences of analyte migration in an electrolyte
solution (background electrolyte = BGE) upon application of an electric field to a capillary.
The migration of analytes is determined by an accelerating force (charge of analyte = z * e)
and a retarding force (friction — determined by the size and shape of analyte = €). The

migration velocity of analytes v; can be so described as:

Z*e

3

Vi :E*

11



To describe the mobility of analytes independent of the strength of the electric field E,

the electrophoretic mobility term ; (equal to ?) was introduced. Additional factors that

influence analyte migration are temperature, viscosity, ionic strength and pH [**!. At basic pH-
levels the surface accessible silanol groups of the fused silica capillary are deprotonated,
cations from the solution are attracted to capillary walls, where they form the so-called Debye
layer (electrical double layer). After application of an electric field to the system, the cations
are attracted to cathode inducing movement of the whole solution bulk in the direction of the
cathode (electroosmotic flow = EOF). The mobility of EOF (egor) can exceed the mobility of
analytes ™. In case analytes are negatively charged (attracted to the anode) this can even
result in the detection of analytes at the cathodic side of the capillary ( = Happ). The mobility of

analytes, *", independent from the EOF can be calculated as: peft = Meor - Happ-

As already described in a previous chapter, the capillary in the nano ES unit of a
GEMMA instrument is a fused-silica one with a voltage applied along the capillary.
Therefore, the question of electrophoretic separation in the liquid phase of this capillary is
discussed in this work. Until now only the combination of capillary electrophoretic separation
of protein standards with CPC detection % or capillary isoelectric focusing combined with
GEMMA ™ has been investigated.

In this master thesis the main interest is the electrophoretic separation of analytes in the
liquid phase (inside the nano ES capillary) of a commercially available, standard GEMMA
instrument. Upon application of standard conditions for sample introduction to a GEMMA
instrument, the electrophoretic separation of analytes within the nano ES capillary is not
desired - a high pressure is applied (about 4 psid = 0.3 bar) and the sample is injected
continuously to the system. The problems in this case are the analysis of complex samples as
well as samples with high salt concentrations (analytes are covered by an unspecified amount
of salt upon drying of droplets, therefore, a shift in EM diameter to higher values can be

observed).

For this reason the pressure in the nano ES capillary of GEMMA was decreased, the
sample was injected to system only for a few seconds prior immersion of the capillary to a
buffer vial and the scan time and range was also decreased to enable the separation and
detection of sample components in a CE-GEMMA spectrum. By application of these changes,
the system is capable of preseparation of salts and other sample components from analytes in

the liquid phase before GEMMA takes place. A resulting manuscript (see Results and
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Discussion part) consists of (i) the discussion of the theoretical background and computational
results after application of the theoretical force distribution model, (ii) the presentation of
obtained experimental data and (iii) the application of the new method (CE-GEMMA) for
online-desalting of samples. Additionally, (iv) analyses of real biological samples (vaults, for
detailed description see the introduction part below) applying standard GEMMA
measurements and applying the new developed CE-GEMMA method were carried out.

2.3 Vault particles

Vaults are ribonucleoprotein particles present in eukaryotic cells, as for example in
protozoa, molluscs, the slime mold Dictyostelium discoideum, echinoderms, fish, amphibians,
avians and mammals ™. Vaults are highly conserved particles %% barrel-shaped with two
protruding caps, an invaginated waist and a hollow space inside ™. A reconstructed vault
particle is depicted in Figure 2.3. Vault from rat liver has a calculated mass of up to 12.9 + 1
MDa (examined by scanning transmission electron microscopy) % Several indications point
to the transport function of vaults in the intracellular transport, however, the function of vaults
still remains unclear. There were also studies published in recent years where the possibility
of transport of biomolecules (cytosolic ribotoxin, secondary lymphoid chemokine) 2 22 py

recombinant vaults was shown.
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Figure 2.3: The vault reconstruction depicted from different positions, the scale
bar represents 250 A [

The further characterization of vault nanoparticles could help to explain the mechanism
of vault expression (vaults are consisting of 78 - 96 MVP units) 2! 21, For this purpose, the
EM diameter analysis of vsvg-MVP vaults (vsvg) and m-Cherry-MVP vaults (m-Cherry)
expressed in one system was investigated with GEMMA. The vsvg (8 MDa — 9MDa) are
composed of rat MVP units, each MVP (96.8 kDa, see the amino acid sequence in 5.2) is
modified with vsvg tag (1.0 kDa, see the amino acid sequence in 5.2). The m-Cherry (10 MDa
— 12 MDa) are composed of rat MVP units, each MVP (96.8 kDa, see the amino acid
sequence in 5.2) is modified with an m-Cherry molecule (26.7 kDa, see the amino acid

sequence in 5.2) and a linker (= one leucine molecule, 131 Da).

Given that two analytes are detectable in GEMMA (vaults formed from MVP with and
without m-Cherry modification separately), different building blocks are not combined
spontaneously to one vault particle. Instead, the creation of vaults should be considered to be
conducted by a ribosomal complex or other cell mechanism immediately after expression of
MVPs without mixing of building blocks. This would help to understand more the assembly

of large ribonucleoid particles.

The analysis of vaults was performed at University of California, Los Angeles (UCLA)
in the research group of Prof. Joseph Loo. Ribonucleoprotein vaults were prepared and the

analysis of vaults in normal mode (NM) was performed.
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The NM represents the conventional GEMMA setup used for analysis. The sample is
placed into the pressure chamber, and about 4 psid (which corresponds to approximately 0.3
bar) pressure and 2.7 = 0.1 kV voltage are applied. This results typically in 400 £ 100 nA
current. The sheath flow in the nano ES unit is set on 1.1 liters per minute (Lpm) (0.1 Lpm
COg, 1.0 Lpm air), the sheath flow in the nano DMA is at 13.5 Lpm. The scanning process
begins when a steady state is reached, i.e. when the sample is continuously fed to the system
(about 5 minutes after the sample has initially been introduced to the GEMMA instrument).
The scan range covers particles with EM diameter e.g. between 2 nm and 60 nm, however,
also a shorter scan range can be set. For every analysis a number of scans (n=6 for the current
work) are taken and a resulting GEMMA spectrum is obtained as a median of these scans

(individual scans are not depicted).

Additionally, a new method for electrophoretic separation in the nano ES capillary of a
commercially available standard GEMMA instrument (CE-GEMMA) was applied for the
analysis of vaults as well. To demonstrate the separation potential of this method, samples

containing vaults and Ovalbumin were measured in CE-GEMMA mode as well.
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3 Results and Discussion

The main aim of this master thesis was to demonstrate that a CE separation in the
liquid phase occurs during sample introduction to a Gas Phase Electrophoretic Mobility
Molecular Analyzer (GEMMA).

Therefore, a model of forces acting on analytes in the capillary of a CE-GEMMA as
well as calculated separations and the very first measurements with this method are explained
in 3.1. Forces that influence analyte migration through the nano ES capillary include: (i) EOF
(it) mobility of analytes (iii) applied pressure across the capillary and (iv) CO2 / air sheath
flow at the capillary tip. Regarding the impact of these force contributions, the
electrophoretical separation of analytes was calculated. Theoretical considerations showed
that analytes with different mobility papp Should be separable during sample introduction to
the GEMMA instrument via electrophoresis in the liquid phase (CE-GEMMA). Theoretical
considerations were checked via experiments. CE-GEMMA was applied for separation of two
standard proteins (BSA and 1gG) as proof of principle of the applied method. Furthermore,
online desalting of these proteins was shown. The results were presented in the publication
“Liquid phase separation of proteins based on electrophoretic effects in an electrospray setup
during sample introduction into a gas-phase electrophoretic mobility molecular analyzer (CE—
GEMMA/CE-ES-DMA)” given in chapter 3.1.

The next step was the application of CE-GEMMA on complex biological analytes.
Vault particles were chosen as analytes. For this purpose a research stay at UCLA was
arranged. Vaults are large ribonucleotid particles found in eukaryotic cells. The size of vaults
is 40 * 40 * 70 nm ! forming a barrel-shaped hollow particle ™. First, the GEMMA
instrument at UCLA had to be prepared for measurements. Subsequently, the instrument was
checked with standard proteins (under reference conditions = normal mode, NM) and
compared with results obtained at TUVIE. Further measurements included other
bionanoparticles in order to train the handling of complex samples. Subsequently, vaults were
analyzed under reference conditions (NM) as well as in CE-GEMMA mode (CM). Samples
containing standard proteins and vaults were employed for optimization of the CM method.

Results are shown in section 3.2.
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3.1 Liquid phase separation of proteins based on
electrophoretic effects in an electrospray setup during
sample introduction into a gas-phase electrophoretic
mobility molecular analyzer (CE-GEMMA /CE-ES-DMA)
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ABSTRACT

Nanoparticle characterization is gaining importance in food technology, biotechnology, medicine, and
pharmaceutical industry. An instrument to determine particle electrophoretic mobility (EM) diameters in
the single-digit to double-digit nanometer range receiving increased attention is the gas-phase
electrophoretic mobility molecular analyzer (GEMMA) separating electrophoretically single charged
analytesinthe gas-phase atambient pressure. A fused-silica capillaryis used for analyte transfer to the gas-
phase by means of a nano electrospray (ES) unit. The potential of this capillary to separate analytes
electrophoretically in the liquid phase due to different mobilities is, at measurement conditions
recommended by the manufacturer, eliminated due to elevated pressure applied for sample introduction.
Measurements are carried out upon constant feeding of analytes to the system. Under these conditions,
aggregate formation is observed for samples including high amounts of non-volatile components or
complex samples. This makes the EM determination of individual species sometimes difficult, if not
impossible. With the current study we demonstrate that liquid phase electrophoretic separation of proteins
(asexemplary analytes)occurs in the capillary (capillary zone electrophoresis, CE) of the nano ES unit of the
GEMMA. This finding was consecutively applied for on-line desalting allowing EM diameter determination
of analytes despite a high salt concentration within samples. The present study is to our knowledge the first
reportonthe use of the GEMMA to determine EM diameters of analytes solubilized in the ES incompatible
electrolyte solutions by the intended use of electrophoresis (in the liquid phase) during sample delivery.

Abbreviations: BGE, background electrolyte; BSA, bovine serum albumin:; CM, CE mode; CPC, condensation particle counter; DMA, differential mobility analyzer: EM,
electrophoretic mobility; ES, electrospray: FM, flushing mode; GEMMA, gas-phase electrophoretic mobility molecular analyzer; IgG, y globulin: MW, molecular weight; NM,
normal mode; TEM, transmission electron microscopy.
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Results demonstrate the proof of concept of such anapproach and additionally illustrate the high potential
of a future on-line coupling of a capillary electrophoresis to a GEMMA instrument.
© 2014 The Authors. Published by Elsevier B.V. This is anopen access article underthe CC BY-NC-ND license

(http://creativecommons.org flicenses/by-nc-nd/3.0/).

1. Introduction

Recent years saw a fast growing interest in nanoparticles, i.e.,
particles up to the range of a few 100nm in diameter. However,
research concerning the applicability of nanoparticles in various
fields like biotechnology, medicine, pharmaceutical or food industry,
and as well risk assessment of nanoparticle application relies on
well-defined material (so-called certified reference material) for
experimental work. Severe concerns relating to the safety of
application of certain types of nanoparticle have currently been
raised [ 1-6]. Typically, methods like transmission electron micros-
copy (TEM) are employed for the analysis of nanoparticle size
distributions (as recently shown by Lin et al. | 7]). lon mobility mass
spectrometry (IM-MS, as forinstance reviewed in [8]) canbe used to
determine collision cross section values of biological macro-
molecules and protein assemblies. However, also gas-phase
electrophoretic mobility molecular analysis (GEMMA) was intro-
duced, which separates single charged analytes in the gas-phase at
ambient pressure according to the analytes electrophoretic
mobility (EM)diameters. In case of singly charged, spherical shaped
analytes EM diameters correspond to particle diameters [9-12].
Recently, the GEMMA acronym is often being replaced by other
terms like macroion mobility spectrometer (macrolMS), LiquiScan-
ES, nES-DMA or ES-SMPS spectrometer for the same instrument
[13]. Nevertheless, for reasons of consistency with previous work
we still employ the acronym GEMMA in this manuscript. Some very
interesting instrumental characteristics like (i) fast analysis times,
(ii) minimal sample pretreatment, (iii) low cost instrumentation
(especially when compared to TEM instruments or mass spec-
trometers) and most importantly, (iv) the possibility of single,
number based particle detection (i.e., determination of number
concentrations) make the GEMMA very attractive, especially for the
characterization of analytes in the nm size range ( for a selection of
papers concerning proteins | 14,15], viruses [ 14,16,17], and polymer
materials | 18,19] refer to respective publications).

The GEMMA device [9] consists of three parts: (i) a charge
reducing nano electrospray (nano ES) unit for aerosolization of
analytes from an aqueous liquid solution and charge conditioning
in a bipolar atmosphere induced by a *'’Po a-radiation source, (ii)
a nano differential mobility analyzer (nano DMA) as separation/
sizing device, and (iii) an ultrafine condensation particle counter
(CPC) as detector. In the nano ES unit, samples are electrosprayed
from a cone tipped fused silica capillary in the cone-jet mode | 20].
Additional forces influencing analyte migration though the nano
ES capillary are (i) the applied high voltage along the capillary and
(ii) the CO,fparticle-free air sheath flow at the capillary tip.
Subsequently, multiple charged, aerosolized droplets are dried and
charge reduction occurs leading to a predictable equilibrium
charge distribution of the nanoaerosol [21,22]. Particles are further
transported via a sheath flow of air and CO, (typically about 1 liter
per minute, Lpm) into the nano DMA. There, particles are classified
according to their EM diameter. An applied electric field with
tunable strength between the electrodes of a cylindrical capacitor
acts as orthogonal force to the high sheath flow applied between
the electrodes to carry analytes through the instrument. It enables
only nanoparticles of a certain (and narrow) EM diameter range to
pass through the ion mobility analyzer. By variation of the applied
field strength, a given EM diameter range can be scanned. (For a
more detailed description of possible DMA setups refer to Flagan
|23] and Intra and Tippayawong | 24| ). After passing the nano DMA,

monodisperse analytes are transported to the CPC, There, particles
are enlarged by condensation of supersaturated n-butanol or water
vapor to optically detectable micrometer size for single particle
detection upon passing of analytes through a focused laser beam
[25]. Inthe past, GEMMA allowed already the determination of EM
diameters for a number of analytes like large peptides and proteins
[26,27], polysaccharides [19], glycoproteins [15], intact viruses
[1214,2728], virus-like particles [29], vaccines [30], virus-anti-
body complexes [31], and gold particles [32-34], gelatin nano-
particles up to several 100nm EM diameter [35] or carbon
nanotubes [36]. Given a suitable, analyte specific calibration exists,
the GEMMA derived EM diameter values can be converted to MW
values, hence allowing MW determination of analytes even in a
range which cannot be addressed by mass spectrometry.

Capillary electrophoresis (CE) separates analytes in solution
(background electrolyte, BGE) upon application of an electric field.
Analytes migrate with specific velocities through the capillary after
equilibrium between an accelerating force (determined by the
charge of an analyte and the electric field) and a retarding friction
force (according to Stokes’ law) is reached. Analyte migration is
described by the ratio between its velocity and the applied field
strength (electrophoretic mobility, s;). Additionally, factors like
the ionic strength of a given electrolyte solution and its pH play a
role. For instance, BGEs with basic pH lead to movement of the
solution bulk inside a fused silica capillary in direction of the
cathode (electroosmosis) |37.38]. As the mobility of the electro-
osmotic flow (EOF) typically exceeds the electrophoretic net
mobility (effective mobility) " of analytes, their overall
movement is directed to the cathodic side of the capillary. In case
the EOF mobility is known and the apparent mobility of an analyte
is calculated from its migration behavior following standard
protocols, ;""" can be calculated by subtraction.

As the capillaryemployed for the nano ES unit of a conventional,
commercially available GEMMA instrument fulfills all require-
ments of a standard CE setup, we investigated if electrophoretic
separations can also be observed upon sample introduction to the
GEMMA instrument. To our knowledge, until now, only the direct
combination of a conventional CE instrument with a CPC detector
(without a nano DMA in between) has been reported [39] and a
non-commercially capillary isoelectric focusing instrumentation
coupled to the GEMMA presented at a conference [40]. For
standard measurements, electrophoretic separation of analytes in
the nano ES capillary of a GEMMA instrument is not desired,
instead analytes are continuously fed to the system. Therefore,
electrophoretic effects in the liquid phase are suppressed by a
relatively high pressure applied to the sample chamber (approxi-
mately 4 pounds per square inch differential, psid, which
corresponds to approximately 0.3 bar along a 26 cm long capillary).
However, this setup causes problems with samples either with
complex composition or containing high amounts of salts (e.g.
samples at physiological conditions). Note that the sample
pretreatment by dilution in a volatile electrolyte solution is only
practicable to a certain degree, because intended analytes would
also become too diluted for analysis. With increasing concentra-
tion of non-volatile sample compounds, aerosolized droplets
contain aggregates of sample components that make the
determination of EM diameter values for actual analytes difficult,
in the worst case even impossible. With the current study we
therefore suggest to solve this problem by concentrating on the CE
separation potential of a typical, commercially available GEMMA

18



VU Weiss et al /Analytica Chimica Acta 841 (2014) 91-98 93

setup: by reduction of the applied pressure to the pressure
chamber conditions in the nano ES capillary allowing electropho-
resis can be obtained. This approach enables separation of analytes
in the liquid phase of the nano ES source (i.e., in the capillary) prior
to the determination of the analytes gas-phase electrophoretic
mobilities coupling two electrophoresis based methods. It is
therefore the aim of the current study (i) to present theoretical
considerations considering CE separation of analytes in the
capillary of the nano ES unit, (ii) to confirm these findings with
experimental data obtained for two proteins as exemplary analytes
to show the feasibility of this approach, and (iii) to demonstrate the
applicability of our setup in the on-line desalting of a protein
containing sample, which would otherwise only yield poorly
interpretable spectra.

2. Materials and methods
2.1. Chemicals and reagents

Ammonium acetate (>99.99%) and ammonium hydroxide
(28.2% ammonia in water) were purchased from Sigma-Aldrich
(St. Louis, MO, USA), sodium chloride ( >99.5%) as well as sodium
hydroxide (>99%) were obtained from Merck (Darmstadt,
Germany). Ultra-high quality water was delivered from a
Simplicity UV apparatus (Millipore, Molsheim, France) with
18.2Mf{)cm resistivity at 25°C. Albumin (bovine, >96%, BSA,
MW of 66 kDa according to manufacturing company, pl=54 [41])
and vy globulin (bovine, >99%, 1gG, MW 150kDa according to
manufacturing company, pl=6.6 [41]) were purchased from
Sigma-Aldrich as was dimethyl sulfoxide (DMSO, >99.9%). Benzoic
acid (>99.9%) was obtained from Fluka (Buchs, Switzerland).

2.2. Buffers

For CE and GEMMA analysis, ammonium acetate with identical
ionic strength (I=25mmolL"") but different pH values were
employed: pH 7.4, 84, and pH 9.4 solutions were prepared.
Ammonium hydroxide was used for pH adjustment of electrolytes.
Solutions were filtered via >0.2 pum pore size syringe filters (sterile,
surfactant free cellulose acetate membrane, Sartorius, Goettingen,
Germany) prior application. Sodium hydroxide was at 1molL™"'
concentration for flushing of the CE capillary between runs.

2.3. Sample preparation

Aqueous protein solutions of IgG and BSA (10 umolL " each)
were diluted tenfold in ammonium acetate (pH 7.4, 8.4, and 9.4,
respectively) for the GEMMA experiments and twofold for the CE
experiments. DMSO (1:8000 v/v final dilution) and benzoic acid
(0.1 mmol L' final concentration) were applied in CE-UV samples
as EOF marker and internal standard, respectively. Proteins were
either combined in a mixed solution or present as single
component samples as indicated within figures. For on-line
desalting experiments, sodium chloride was added at 5mmolL~"
final concentration to the GEMMA samples.

2.4. Instrumentarion

The employed GEMMA system consisted of (i) a nano ES unit
including a #'"“Po source (model 3480), (ii) a nano differential
mobility analyzer {(nano DMA, series 3080), and (iii) an ultrafine
condensation particle counter (CPC, series 3025A). Samples were
introduced into the nano ES unit via a 25 pm inner diameter and
26cm long cone tipped fused silica capillary. The nano ES was
operated with positive high voltage. All parts were from TSI Inc
(Shoreview, MN, USA). For CE separations employing UV detection,

an Agilent 3D CE (Waldbronn, Germany) was used. Electrophoresis
was performed at 25°C in positive polarity with a fused silica
capillary of 50 wm inner diameter and Ly cfiecive = 60.2/51.7cm
from Polymicro (Phoenix, AZ, USA). Samples were introduced by
application of 25 mbar pressure for 10 s. Analytes were separated
by application of 20kV leading to an electric field strength of
332kVm~L Detection was via assessment of UV absorption
simultaneously at 200, 205, and 260nm. Prior to each run, the
capillary was equilibrated for 2 min with BGE and after each run it
was washed for 1.5 min with sodium hydroxide solution followed
by 2 min rinsing with water.

2.5. GEMMA analysis modes

The normal mode (NM) represents the conventional GEMMA
setup used for analysis. For this, the sample is placed into the
pressure chamber, and about 4 psid (approximately 0.3bar)
pressure and 2.6-2.8kV are applied. This results typically in
300-500nA current. The sheath flow in the nano ES unit is set to
1.1 Lpm (0.1 Lpm CO3, 1.0 Lpm air), the sheath flow in the nano DMA
is at 13.5 Lpm. The scanning process (variation of the applied field
strength) begins when a steady state is reached, i.e, when the
sample is continuously fed to the system (about 5 min after the
sample has initially been introduced to the GEMMA instrument).
The scan range covers particles with the EM diameter between
2 nm and 60 nm, however, also a shorter scan range can be set. For
every analysis a number of scans (n=6) is taken with high
repeatability and data from each scan is retrieved from the
instrument. Subsequently (to correct for possibly occurring
spikes), a resulting GEMMA spectrum is obtained as a median of
these scans (individual scans are not depicted).

In the flushing mode (FM) the applied pressure in the nano ES
unit is reduced to approx. 1 psid (approx. 70 mbar). Therefore, the
impact of pressure gradient as driving force to move analytes
through the capillary is greatly reduced. The voltage, sheath flow
settings and the resulting current were as previously for NM.
Furthermore, measurements are carried out not over a scan range
but at a constant EM diameter value specific for a given analyte
(determined via NM measurements at the peak apex of respective
single charged analyte species - for BSA 7nm, for IgG 9nm EM
diameter was set during FM, respectively). The time needed for
analytes to pass through the capillary is determined. Measure-
ments start immediately after immersion of the capillary end to
the sample vial to allow for time determination of sample passage
through the instrument and are terminated after asteady state(i.e.,
plateau of analyte detection) is reached.

For CE mode (CM) the same conditions (pressure, sheath flow,
voltage) as in FM were applied. However, samples are injected to
the system only for 2s followed by the change of the sample tube
to therespective electrolyte solution. This results in an analyte plug
similar as for conventional CE setups. Additionally, in case of mixed
samples (including BSAand IgG at 1 wmol L~' concentration, each),
no longer a constant EM diameter was regarded as for FM, but a
size range between 6 nm and 12 nm EM diameter was scanned to
follow the separation of analytes (scan time at 18s, time for
detector reset between scans at 3s).

For FM and CM the capillary was filled with analyte free buffer
prior to immersion of the sample.

3. Results and discussion

The results presented in the following sections demonstrate
that under certain conditions electrophoretic separation of
analytes can be achieved in the liquid phase within the capillary
part of the nano ES unit of a conventional, commercially available
GEMMA instrument. This was done theoretically calculating
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driving velocities in the nano ES capillary and their contribution to
overall analyte migration. On the other hand, our theoretical
considerations were verified experimentally. We monitored the
separation of two proteins (BSA and IgG) as exemplary analytes in
the nano ES capillary of the system. This finding opens up very
interesting avenues like the on-line desalting of protein samples
which we likewise demonstrated here. In the future, the CE
separation of even nanoparticles prior to the GEMMA analysis by
means of a standard GEMMA instrument seems to be easily
feasible and an on-line hyphenation of a stand-alone CE to a
GEMMA instrument appears highly interesting.

3.1. Theoretical considerations and experimental assessment of
individual forces contributing to sample introduction to a GEMMA
system via a nano ES process

Samples are introduced into the nano ES unit of the GEMMA
system via a fused silica cone tipped capillary. During sample
introduction the movement of the analytes can be calculated by
taking four processes into account: (i) pressure is applied to the
pressure chamber of the instrument (App,.d) to feed the sample
containing electrolyte solution continuously to the nano ES
capillary; (ii) upon application of electrolyte solutions in the basic
pH range, electroosmosis occurs — the EOF (veor=E = pteor) 1S
directed to the cathode of the instrument, i.e., to the capillary tip
(nano ES process operated with positive high voltage); (iii) the
analytes electrophoretic net mobility ;4,°" has to be regarded as
well; (iv) finally, amixed sheath flow of CO, and air is applied atthe
capillary tip in order to transport droplets of the nano ES process to
the nano DMA which may have a small impact (Ap.pean) 0N the
pressure difference along the capillary. Fig. 1 gives an overview on
respective contributions to analyte migration. Assessment of
individual velocity contributions allows calculation of the overall
time needed for analytes to pass through the GEMMA setup. The
time needed for the analyte to pass through the nano DMA and to
reach the CPC unitof the instrument is neglected as it is constant for
all presented experiments. In doing so, the influence of Ap,,.;4 and
Apiean ON migration time of analytes can be calculated using
Hagen-Poiseuille equation (capillary inner diameter, ID, d, 25 jum;
in simplification the dynamic viscosity value of water, ,1.002 mPa
s,at20°Cis used; length of capillary, L, 26 cm). The total movement
of the analyte can be calculated with the following equation:

e o to nano DMA

high voltage
sample vial

Fig. 1. Schematic drawing of the nano ES unit of a GEMMA instrument: a sample
vial is placed into the pressure chamber. Pressure and an electric field are applied
leading to different forces acting on analyte particles upon sample introduction to
the nano ES process. The directions of forces acting on particles in the liquid phase
during sample introduction to the nano ES are indicated by arrows.
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Calculated results for Ap,.q are shown in Fig. 2(A); upon
reduction of the applied pressure to the sample chamber, the time
needed for analytes to pass through the nano ES capillary of the
instrument is increased significantly.

Initially, Ap.nean was determined by measuring the time
needed for water to pass an empty capillary by application of only
this force at 2 Lpm. However, after 80 min still no solvent passing
through the capillary was detected. Upon application of Hagen-
Poiseuille equation the pressure difference to move the solvent
through the capillary in 80 min was calculated. It was kept in mind
that the time needed to fill an air filled capillary is only half the
time needed to fill a previously solvent filled capillary (viscosity of
air was neglected). Consequently, the sheath flow contribution was
found to be smaller than 0.05 psid (approximately 3 mbar) and is
hence negligible in comparison to Appsia.

tegorand 1" were determined by application of a conventional
CE-UV setup. Samples containing 0.5 pmolL ' BSA and IgG,
respectively, in 25mmolL~" ammonium acetate at different pH
values were analyzed. jigor and ,ui"" were calculated according to
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Fig. 2. Dependence of analyte migration time through the nano ES capillary on the
applied pressure to the sample chamber (A): the migration time of analytes was
calculated by Hagen-Poiseuille equation. Electrophoretic net mobilities of analytes
under comparable conditions as during the nano ES process (B): the EOF mobility is
increasing with increasing pH values, whereas the electrophoretic net mobilities of
analytes do not change significantly.
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standard protocols from the migration of a neutral marker. Results
are shown in Fig. 2(B) (average and standard deviation values for
n=4 measurements each are plotted). As expected, increasing pH
valuesofammoniumacetate leadtoanincrease inthe observed EOF,
whereas net mobilities of analytes did not change significantly.

For the operation of the nano ES unit, a high electric field
strength at the tip of the capillary is necessary to form a stable
Taylor cone. This field is produced by a high voltage applied via a
platin wire immersed in the sample solution and a grounded
counter electrode. However, due to this design there is not only a
voltage drop between the tip of the capillary and the counter
electrode but also along the capillary. The electric field E along the
capillary can be calculated as follows:

4%

£ Kx 7 xd @
where [ is the electric current measured by the nano ES unit, ID of
the capillary, d, 2.5 %10 °m according to the manufacturing
company and « is the conductivity of the employed electrolyte
solution. For a 25 mmol L' ammonium acetate solution at pH 9.4,
k was calculated to be 0.259Sm™". As during the nano ES process
an average current of 400 nA (see also experimental section) was
recorded, E could be assessed in the range of 3.1 kV m~". This is in
the same order of magnitude as E values typically employed for CE
separations on standard instruments.

Initial CE experiments were carried out at pH 74, 8.4, and 9.4,
respectively. However, stable electrophoresis conditions were found
onlyatslightly basic pH values; therefore, pH 9.4 was further applied
for the GEMMA experiments. For this pH value, the time needed for
BSA and IgG to migrate across the capillary considering Ap .a. 1 gor
14;°" was calculated as detailed above. The estimated time to pass
the capillary was about 370s for IgG and about 400s for BSA
(Ap=1psid, E=3.1kVm~'). The difference of migration times can
be explained by different mobilities of respective proteins upon
electrophoresis. Fig. 3 depicts corresponding spectra obtained in
FM. The different time needed to pass a capillary for BSA (black)and
1gG (grey) is clearly demonstrated. The migration time of 1gG is
about 30s less than the migration time of BSA confirming
theoretical calculations. However, it must be noted that the
theoretically estimated migration times of analytes were approxi-
mately 80 s higher than measured values. A possible explanation for
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Fig. 3. Analyte migration through the nano ES capillary in FM: BSA (black) and 1gG
(grey) samples (c= 1 pumolL ' protein concentration, pH 9.4 ammonium acetate,
respectively) were investigated. Measurements were performed at 1 psid (approxi-
mately 70 mbar) and 1.1 Lpm sheath flow at the capillary tip. Differences in BSA and
1gG migration through the nano ES capillary are clearly detectable.
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Fig. 4. Analyte migration through the capillary in CM: BSA (black) and 1gG (grey)
samples were investigated under conditions as given in Fig. 3. Again, differences in
analyte migration are detectable.

this observation might be found in uncertainties of the inner
diameter of the used capillaries as well as in the pressure gauge of
the instrument which is not designed for pressure determination
with high precision. Differences between calculated and observed
migration times can result from actual pressure values slightly
deviating from read out values given by the instrument.

3.2. Instrumental feasibility

In order to separate analytes electrophoretically in the nano ES
capillary of a standard GEMMA instrument we reduced Ap;.is and
Ap.hean to lowest possible values. However, initial experiments
demonstrated (data not shown) that at least 0.4 psid (approxi-
mately 30 mbar) are necessary to transport analytes through the
capillary as the signal intensity decreases with decreasing pressure
applied to the sample at the capillary inlet. Likewise, if the sheath
flow is further reduced, loss of the analyte signal in corresponding
spectra is observed. The latter effect is most probably caused by
insufficient transport of aerosolized particles from the capillary tip

- -2
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EM diameter [nm]

Fig. 5. CE separation of BSA and IgG in CM: the sample contained both analytes,
BSA and IgG atc= 1 wmolL "' protein concentration and pH 9.4 ammonium acetate,
respectively. Measurement conditions as in Fig. 3, medianvalues from 6 individual
measurements are shown. The IgG peak is detected in scan 15, BSA in scan 16.
Hence, CE separation of analytes can be demonstrated.
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through the nano DMA to the detector unit of the instrument. A
threshold of 0.3 Lpm sheath flow was determined.

3.3, GEMMA measurements in CE mode

The measurements of BSA and IgG solutions in ammonium
acetate in CM were taken to confirm the results described already
for FM (one protein per respective sample). The corresponding
signals of analytes after injection to the GEMMA instrument are
shown in Fig. 4 (n=3 measurements). The difference between the
migration time of IgG (grey) and BSA (black) is about 20s and the
peak width for both analytes about 30s. These results again
demonstrate the CE separation potential within the nano ES
capillary of the commercial GEMMA instrument.

In a next step we mixed both proteins in a single sample and
tried to resolve the two analytes via electrophoresis in the liquid
phase in CM. Fig. 5 shows consecutive single GEMMA scans
demonstrating the separation of the two proteins, BSA and IgG,
from such a mixed sample. A peak corresponding to IgG with
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significant height can be found justin scan 15. BSA is detected only
in scan 16. Small traces of 1gG can be observed in scans 14 and 16,
respectively. This can be explained by a broadly distributed IgG
peak resulting from analyte molecules retained on the capillary
wall or tip. A corresponding blank (data not shown) only gives a
baseline signal. Nevertheless, it can be concluded that analytes
injected from a single sample to a commercially available,
conventional GEMMA instrument can indeed be separated by CE
in the nano ES capillary. A true CE-GEMMA hyphenation is given in
CM.

3.4. On-line desalting in the nano ES capillary through electrophoretic
analyte separation

Results from on-line desalting in the nano ES capillary of the
GEMMA instrument (addition of 5mmolL™" sodium chloride to a
mixed BSA[IgG sample in ammonium acetate) are depicted in
Fig. 6, together with results for the same sample obtained in NM.
GEMMA experiments in NM exhibit results shown in Fig. 6(A) (for
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Fig. 6. Comparison of the GEMMA spectra obtained for a BSA and 1gG containing sample with and without sodium chloride addition in NM and CM: samples containing both
analytes, BSA and IgG at ¢ =1 pwmol L' (pH 9.4 ammonium acetate) were measured in NM (A); solid lines represent samples without salt addition, dashed lines depict the
samples with sodium chloride addition (¢=5mmolL ') The salt addition also increases the background signal for a sample containing no protein, ie., plain ammonium
acetate (B). Additionally, BSA can no longer be detected in the presence of sodium chloride, the EM diameter of IgG is shifted to higher values and the width of the IgG peak
increases significantly. Samples containing both analytes at ¢= 1 wmol L ' and sodium chloride at ¢ = 5SmmolL " were measured in CM as well (C) as were bufTer blanks (D).
The EM diameter of BSA and IgG correlates with the values determined from samples without sodium chloride addition measured in NM (see Fig. 5). Analytes were separated

from the contaminating salt. Measurement conditions as in Fig. 3.
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samples) and Fig. 6(B) (for blanks), dashed lines, respectively. For
comparisonreasons also spectra recorded in the absence of sodium
chloride (solid lines) are shown. Addition of sodium chloride leads
toamassive increase in the background signal (Fig. 6(B)) due tosalt
aggregation in droplets generated by the nano ES process and their
subsequent detection as residue particles. Concurrently, also
aggregates between proteins and salt molecules are recorded.
Whereas the IgG peak maximum shifts to higher EM diameter
values by about 6% due to an unwanted salt crust formation around
the protein, BSA can be no longer detected due to the increased
background signal. Additionally, the IgG peak also increases in peak
width as a result from heterogeneous protein/salt aggregates.

Taken together, these effects demonstrate well aggregation of
proteinaceous analytes and sodium chloride for the GEMMA
measurements: deposition of non-volatile salts on respective
protein surfaces make the protein particles appear larger and more
heterogeneous. However, GEMMA spectra in CM (analytes in
Fig. 6(C), blanks in Fig. 6(D), respectively) demonstrate the
feasibility of on-line desalting of samples. In contrast to spectra
obtained in NM the EM diameter of BSA is again determined at
7 nm and for IgG at 9 nm. These values are in good accordance with
values obtained for measurements of samples without salt
addition (compare to Fig. 5). As was shown already in this
previous figure, the proteins are again separated from each other.

It should be mentioned that 5mmol L' sodium chloride is of
course avalue far from physiological buffer conditions. However, at
the same time this concentration is such that it can be easily
obtained via dilution of a sample in a volatile electrolyte solution,
when analytes were originally dissolved in a physiological buffer.
This is even the case for reasonable dilution factors still offering the
possibility of analyte detection despite its lower concentration
after dilution, Hence, the chosen sodium chloride concentration is
an exemplary value, however, with significance for the analysis of
future samples.

4. Conclusions

With the current work we demonstrate the electrophoretic
separation of two proteins within the 26 cm nano ES capillary of a
standard GEMMA device based on theoretical considerations
describing the contribution of forcesacting on analytes. Additionally,
we verifyour calculations experimentally. We found (i) BSA and 1gG,
two exemplary analytes, each in a respective sample, to migrate
differently through the nano ES capillary and (ii) components of a
mixed IgG/BSA sample to be electrophoretically separable prior to
electrophoresis in the gas-phase (i.e., nano DMA). In order to obtain
these results, the main force transferring samples from the sample
vial to the capillary tip, the pressure applied tothe pressure chamber
for continuous sample introduction to the system, had to be reduced
to the lowest acceptable value.

Our results demonstrate that an on-line CE-GEMMA (CE-ES-
DMA) combination (electrophoresis in the liquid and subsequently
in the gas-phase at atmospheric pressure) is even feasible with a
commercial GEMMA instrument not intended for electrophoretic
applications in the liquid phase. The fact that the instrument is not
intended for CE lead to several technical difficulties like for instance
unstable pressure settings or unnecessary long detector reset times
(3s). Therefore, at the moment only a rough pre-separation of
samples was carried out (which, however, leads already to
significantly improved results for the GEMMA measurements) as
a kind of feasibility study. We believe that future instrumental
advancements (like coupling of an independent commercial CE
instrument (which much longer separation capillary)to a GEMMA)
will open up new highly interesting avenues in nanoparticle, virus,
virus-like particle, recombinant antibody and protein/protein
complex/protein assemblies analysis.

Electrophoretic zone separation of sample constituents in the
capillary of the nano ES unit furthermore allowed on-line desalting
of samples. High concentrations of non-volatile sample compo-
nents (salts, sugars, detergents, etc.) lead to heterogeneous
aggregates between these constituents and analytes, which can
be concluded from observed higher EM diameters and broader EM
diameter distributions. In the worst case an increase in the baseline
signal even thwarts the EM diameter determination of analytes.
However, electrophoretic separation of these low molecular
weight sample contaminations (from e.g. employed physiological
buffers) from analyte particles in the liquid phase again allows the
EM diameter determination of analytes despite an increased salt
concentration. We therefore expand the GEMMA also to the
analysis of complex samples or samples with higher salt
concentrations, eliminating the impact of undesired components
and salts from the GEMMA spectra. A logical continuation of
presented work will deal with further CE aspects and their impact
on sample introduction to the GEMMA system, for instance the
addition of detergents to electrolyte solutions or electrophoretic
sample stacking.
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3.2 CE-GEMMA measurements with vsvg- and m-Cherry vaults

As GEMMA offers the possibility to detect, quantify and characterize nanoparticles up
to the size of several 100 nm (actual values are depending on the applied DMA), it is perfectly
fitted to analyze larger protein assemblies. In the case of my analyses, ribonucleoproteins
forming nanoobjects so-called vaults, which may be potentially used as drug delivery
nanodevices and are thus of great biotechnological interest, were investigated. To date there is
only limited information on such nanobioparticles, especially on their ability to deliver drugs
to infected cells.

My research work included setup of the GEMMA instrument, checking of the
instrument with BSA and 1gG, analysis of protein complexes, sample preparation and
isolation concerning ribonucleoprotein vaults as well as the analysis of vaults in NM and CM.
Measurements were done at the Department of Chemistry and Biochemistry, UCLA in the
research group of Prof. Joseph Loo.

The GEMMA system used at UCLA consisted of (i) a nano ES unit including a %°Po
source (model 3480), (ii) a nano differential mobility analyzer (nano DMA, series 3080)
including a nano DMA and (iii) ultrafine condensation particle counter (CPC, series 3025A).
Samples were introduced to the nano ES via a 25 um inner diameter cone tipped fused silica
capillary. All parts were from TSI Inc (Shoreview, MN, USA). Since the experiments done in
CM do not follow the standard procedure of GEMMA (= NM) the results were not
normalized to dw/dlogDp units but they are evaluated directly in raw counts. The
measurements in NM are evaluated in dw/dlogDp. Further measurement conditions are given

with individual figures.

Following chemicals were used for experiments discussed in 3.2:
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Chemical

Albumine Bovine (BSA)
Albumine from chicken
Ammonium Acetate

Ammonium Hydroxide

apo Transferrin

Methanol

The analyzed sample stock solutions are given below:

Sample

BSA

Didemnin B

Hemoglobin
Mmm1-D5-Fusion Complex
N2N3 Receptor

Ovalbumin

apo Transferrin

TriC

m-Cherry Vaults

Product No.

A-0281

A-2512

0011155B

AX1303-6

T-1428

67-56-1

Concentration

1uM
9 mM
40 uM
70 uM
40 uM
1uM
1uM

5.5 uM

Company

Sigma (St.Louis, MO, USA)
Sigma (St.Louis, MO, USA)
Merck (Darmstadt, Germany)

EMD Millipore (Billerica, MA,
USA)

Sigma (St.Louis, MO, USA)

Sigma (St.Louis, MO, USA)

Buffer, concentration

NH4OAC (20 mM, pH 7.4)
NH4OAC (20 mM, pH 7.4)
NH4OAC (20 mM, pH 7.4)
NH4OAC (20 mM, pH 7.4)
NH4OAC (20 mM, pH 7.4)
NH4OAc (20 mM, pH 7.4)
NH4OAc (20 mM, pH 7.4)

NH4OAc (20 mM, pH 7.4)

40%, Interphase 40% - 45%, 45% MES (50 mM, pH 6.5)
phases from Sucrose Gradient
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mix 40%, Interphase 40% - 45%, 45%, MES (50 mM, pH 6.5)
50% phases from Sucrose Gradient

Volatility of buffer is important for the formation of single charged analyte particles
for GEMMA analysis. Therefore, NH,OAc was employed as electrolyte solution and it was
necessary to exchange the buffer of vault stock solutions by Microcon desalting. The stock
solutions of other analytes were simply diluted with NH,OAc (pH = 7.4) to concentration
appropriate for GEMMA analysis (usually ~1 uM, for the exact concentration see respective
figure description). The final volume of analyte solutions needed for measurements was
20 pL.

For vault samples, Microcon desalting was necessary prior GEMMA analysis. Vault
molecules were generated in sf9 recombinant baculovirus cells. The recombinant baculovirus
cells contained rat major vault protein (MVP) and m-Cherry protein. The whole procedure is

described in 81,

Samples were obtained from Jan Mrazek (Rome Group, UCLA). The concentration of
vsvg is expected to be 10 times higher than the concentration of m-Cherry because of
different expression levels in cells. Vsvg and m-Cherry were finally separated from other
sample components using sucrose density gradient centrifugation (stepwise gradient). The
samples from 40%, Interphase 40% - 45%, 45% and 50% [w/w] sucrose were used for further
GEMMA measurements. To purify the vaults from ill soluble components of these fractions
centrifugation at 20 000 g followed the initial gradient purification. 30 pL from the
supernatant and 470 pL of ammonium acetate were pipetted on the Microcon YM 30
centrifugal tubes to change the sample buffer to ammonium acetate. The solution was
centrifuged at 10 000 g for 10 minutes. The filtrate was removed and 370pL NH4OAc was
added to the solution on the filter. The whole process was repeated three times. The retentate
(vault solution) on the upper part of Microcon tube was analyzed via GEMMA.
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After the change of the *°Po-source and the restart of the GEMMA at UCLA,
Transferrin (as a protein standard) was measured to check the instrument performance. The

results are depicted in Figure 3.1.

6x10° — Transferrin

™M

5x10°4
4x10°4

3x10°4

Particle counts [dw/dlogDp]

2x10° My
1x10° [3Mm]
0 -
-1x10° : : : : . .
2 4 6 8 10 12 14

EM diameter [nm]

Figure 3.1: GEMMA spectrum of Transferrin

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 1.7 kV Sheath flow: 15 Ipm
Sample: Transferrin Current: 300 — 400 nA Pressure: 4 psid
Concentration: 1 uM CO,: 0.1 lpm Median of 6 spectra
Capillary: 25 umid Air: 2 Ipm mode: NM

The results of Transferrin measurements via GEMMA are characteristic for the
instrument: a single charged monomer peak (at 7.1 nm) can be found. Also dimer and
oligomer peaks with higher EM diameter can be recognized. Nevertheless the monomer peak

exhibits the highest signal. Therefore, the instrument at UCLA seems to be in good shape.

In the next step Ovalbumin and BSA were measured to compare the GEMMA spectra
obtained from the instrument at UCLA and TUVIE. Ovalbumin and BSA are suitable analytes
for GEMMA, their analysis was already successful performed %, The spectra of Ovalbumin
as well as BSA (Figure 3.2) measured at UCLA and TUVIE depicting absolute and relative

values are shown on the following page.
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Ovalbumin UCLA 1.2 — Ovalbumin UCLA

—— Ovalbumin TUVIE ™ —— Ovalbumin TUVIE
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Figure 3.2: Comparison of GEMMA spectra obtained at UCLA and TUVIE for
Ovalbumin (A,B) and BSA (C,D). Absolute (A,C) and relative (B,D) values are plotted

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 1.7 kV — 2.7 kV Sheath flow: 15 Ipm

Sample: BSA, Ovalbumin Current: 300 — 400 nA Pressure: 3 - 4 psid

Concentration: 1 uM CO,: 0.1 lpm Median of 6 spectra
Capillary: 25 umid Air: 1-2 Ipm mode: NM

The EM diameter of analytes was determined at the peak apex: for Ovalbumin 6.0 nm
EM diameter (EM diameter in literature at 6.3 nm %) and for BSA 6.9 nm EM diameter was
determined (EM diameter in literature at 7.1nm:™). Small deviations between instruments

are common as usually no calibration is carried out between instruments.

There is a difference in the double charged monomer peak of Ovalbumin (~4.2 nm)
and BSA (~4.9 nm) in spectra obtained at TUVIE and UCLA: There is no visible double
charged monomer peak in the GEMMA spectra from UCLA the reason being that the ?°Po-
Source in the instrument at UCLA was installed just a few days before the measurements
were taken (the 2°Po-source at TUVIE on the other hand exceeded already several half-lives).

Hence, a more efficient charge reduction occurred in the UCLA instrument. The other peaks
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show accordance in the EM diameter values, in the case of BSA even the particle counts are

comparable.

Hemoglobin belongs to class of conjugated proteins — hem-proteins that possess iron-
porphyrin prosthetic groups united with protein ", Hemoglobin transports oxygen in red
blood cells of all vertebrates except of fish family fish family Channichthyidae 8. S. aureus
acquires heme-iron from human hemoglobin (molecular weight 64.7 kDa, consisting of two
subunits alpha and two subunits beta as well as four hem units with iron, see the amino acid
sequence in 5.2) using the N2N3 receptor (molecular weight 38.8 kDa, see the amino acid
sequence in 5.2) °!. In previous experiments (not published yet) was shown that Hemoglobin
and N2N3 form complex in molar ratio 1:1 or 1:2 at higher receptor concentrations. To
observe if the complex of Hemoglobin and N2N3 is also formed in vitro, GEMMA analysis

were carried out. Results are shown in Figures 3.3 — 3.9.

1.0x10°%

7.9nm
8.0x10"
6.6 nm
6.0x10"

4.0x10"

2.0x10"

Particle counts [dw/dlogDp]

0.04 " T T - i .
0 5 10 15 20 25 30
EM diameter [nm]

Figure 3.3: GEMMA spectra for Hemoglobin (16 uM) and N2N3 Receptor (4 uM)

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 2.1 kV Sheath flow: 15 Ipm
Sample: Hemoglobin & N2N3 Receptor Current: 300 nA Pressure: 4.5 psid
Concentration: Hem 16 uM, N2N3 4 uM CO,: 0.1 lpm Median of 6 spectra
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6x10 7
5x10 4
4x10"4
3x10" 4
2x10"4

1x10" A

Particle counts [dw/dlogDp]

7.9 nm

6.6 nm

EM diameter [nm]

Figure 3.4: GEMMA spectra for Hemoglobin (8 uM) and N2N3 Receptor (2 uM)

Electrolyte: 20 mM NH4OACc, pH 7.4
Sample: Hemoglobin & N2N3 Receptor
Concentration: Hem 8 uM, N2N3 2 uM

Capillary: 25 um id

8.0x10" 7
6.0x10"
4.0x10"

2.0x10"1

Particle counts [dw/dlogDp]

0.0

Voltage: 2.6 kV Sheath flow: 15 Ipm
Current: 130 nA Pressure: 5 psid
CO,: 0.1 lpm Median of 6 spectra
Air: 1 Ipm mode: NM

7.9 nm

6.6 nm

EM diameter [nm]

Figure 3.5: GEMMA spectra for Hemoglobin (4 uM) and N2N3 Receptor (1 uM)

Electrolyte: 20 mM NH4OAc, pH 7.4
Sample: Hemoglobin & N2N3 Receptor
Concentration: Hem 4 uM, N2N3 1 uM

Voltage: 1.8 kV Sheath flow: 15 Ipm
Current: 300 nA Pressure: 4 psid
CO,: 0.1 lpm Median of 6 spectra
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Figure 3.6: GEMMA spectra for Hemoglobin (0.4 uM) and N2N3 Receptor (0.1pM)

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 1.9 kV Sheath flow: 15 Ipm
Sample: Hemoglobin & N2N3 Receptor Current: 300 nA Pressure: 4 psid
Concentration: Hem 0.4 uM,N2N3 0.1 CO,: 0.1 lpm Median of 6 spectra
UM
Capillary: 25 pmid Air: 1 1Ipm mode: NM
6x10° 1
= B 5.7 nm
& 5x10°1
% 4x10° A
2
‘o 3x10°
§ 2x10°
% 1x10°4
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Figure 3.7: GEMMA spectra for Hemoglobin (0.4 uM) and N2N3 Receptor (0.2 uM)

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 1.9 kV Sheath flow: 15 Ipm
Sample: Hemoglobin & N2N3 Receptor Current: 300 nA Pressure: 4 psid
Concentration: Hem 0.4 uM,N2N3 0.2 CO,: 0.1 lpm Median of 6 spectra
UM

Capillary: 25 um id Air: 1 Ipm mode: NM



——20puM

1.0x10° 4 ——10uM
= 7.9nm 5 uM
8 8.0x10" 0.5uM
% 6.6 nm
3 6.0x10"
3
@

7
S 4.0x10'
o
o
S 2.0x10'
3
e 004 -
0 5 10 15 20 25 30

EM diameter [nm]

Figure 3.8: Comparison of GEMMA spectra for Hemoglobin (16 uM, 8 uM, 4 uM and
0.4 uM) and N2N3 Receptor (4 uM, 2 uM, 1 uM, 0.1 uM)

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 1.9 kV Sheath flow: 15 Ipm
Sample: Hemoglobin & N2N3 Receptor Current: 300 nA Pressure: 4 psid
Concentration: molar ratio of Hemoglobin and Receptor = C0O,: 0.1 Ipm Median of 6 spectra
4:1, sum of concentration is given in the legend
Capillary: 25 umid Air: 1 1Ipm mode: NM
5.7 nm —0.2uM
— . ——0.1uM
S— 1.0x10" 4
S 8.0x10°
3 p
- 6.0x10" 1
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Figure 3.9: Comparison of GEMMA spectra for Hemoglobin and N2N3 Receptor

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 1.9 kV Sheath flow: 15 Ipm
Sample: Hemoglobin & N2N3 Receptor Current: 300 nA Pressure: 4 psid
Concentration: Hemoglobin: 0.4 uM, Receptor 0.2 uM C0O,: 0.1 Ipm Median of 6 spectra
(blue), 0.1 uM (red)
Capillary: 25 umid Air: 1 1Ipm mode: NM

At concentrations lower than 1pM the receptor peak can be recognized at 5.7 nm
corresponding to approx. 34 kDa (according to the regression curve presented in %). For
instance, in Figure 3.7 the receptor peak is significant bigger than other peaks. The
determined molecular weight value is in good accordance with the value given in literature
describing N2N3 Receptor at 39 kDa ). There are many aggregates formed at higher
concentrations (Figures 3.3 - 3.5 and 3.8) detected at 11 — 13 nm. Hemoglobin tetramer

33



(monomer 16.2 kDa, tetramer 64.7 kDa, according to %) is detected at 6.6 nm (EM diameter
in literature at 6.9 nm [10]) in samples with concentration of Hemoglobin higher than 0.4 uM.
In Figures 3.3 - 3.5 and 3.8 a peak at 7.9 nm is detected that may correspond to Hemoglobin -
N2N3 complex formed of Hemoglobin tetramer and one N2N3 molecule (corresponds to
approx. 89 kDa according to ™). The Hemoglobin - N2N3 complex was detected in samples
with concentration of Hemoglobin higher than 0.4 uM. However many unspecific aggregates
can be seen in these samples as well. There were no dilutions of these samples analyzed by
GEMMA allowing a better understanding of the aggregate formation.

Mmm1 protein is a molecular tether between endoplasmic reticulum and mitochondria
in eukaryotic cells. In previous experiments (not published yet) it was shown that MmmZ1 and
D5 form a complex in molar ratio 1:1. The stability of the Mmm1-D5-Fusion Complex
(molecular weight 31.2 kDa, see the amino acid sequence in 5.2) in solutions containing up to
30% v/iv MeOH was investigated as necessary prerequisite for future ESI MS work. The
results are depicted in Figure 3.10A (absolute values) and 3.10B (relative values).
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Figure 3.10: Stability of mmm21-D5-Fusion Complex depending on the MeOH content,
GEMMA spectra depicted as absolute (A) or as relative particle counts (B)

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 1.8 - 2 kV Sheath flow: 15 Ipm
Sample: mmm1-D5-Fusion Complex & Current: 100 - 300 nA Pressure: 4 - 5 psid
Methanol
Concentration: Fusion Complex, ¢ = 7uM CO,: 0.1 lpm Median of 6 spectra
(0% v/v MeOH), ¢ = 12uM (10%, 20%,
30% v/v MeOH)
Capillary: 25 pm id Air: 1 lpm mode: NM

34



In Figure 3.10 the single charged monomer peak at 11 nm can be recognized. There is
also a single charged dimer peak at 13 nm present in all GEMMA spectra. The lower absolute
analyte signal in the sample without any MeOH addition is due to a lower concentration of the
Mmm1-D5-Fusion Complex (7uM) relative to samples with the higher MeOH concentration
(12uM). The complex can be detected in samples at all MeOH concentrations, its EM
diameter is constant, its counts are increasing until 20% v/v MeOH, then a signal decline can
be observed.

TriC is a chaperonin that uses ATP cycling to facilitate folding of approximately 10%
of the eukaryotic proteome. TriC consists of two stacked rings of eight paralogous subunits
each. (*Y) The GEMMA analysis of TriC (919.2 kDa, see the amino acid sequence of TriC
subunits in 5.2) was performed. Additionally, the drug DB (Didemnin B, 1112 Da) was added
to the solution to determine the binding of DB to TriC complex. It is expected that TriC and
DB form a complex in molar ratio 1:1. The resulting GEMMA spectra are shown in Figures
3.11-3.13:
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1.2x10"1 181 nm
1.0x10"4
o 12.2nm
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4.,0x10°
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0 5 10 15 20 25 30 35 40
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Figure 3.11: GEMMA spectra of TriC

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 1.7 kV Sheath flow: 15 Ipm
Sample: TriC Current: 700 nA Pressure: 4 psid
Concentration: 1 uM CO,: 0.1 lpm Median of 6 spectra
Capillary: 25 umid Air: 1 1Ipm mode: NM
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Figure 3.12: GEMMA spectra of TriC and DB

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 1.7 kV Sheath flow: 15 Ipm
Sample: TriC & DB Current: 700 nA Pressure: 4 psid
Concentration: TriC 1 uM, DB 90 uM CO,: 0.1 lpm Median of 6 spectra
Capillary: 25 um id Air: 1 Ipm mode: NM
S
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Figure 3.13: Comparison of GEMMA spectra of TriC with and without DB, relative

values
Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 1.7 kV Sheath flow: 15 Ipm
Sample: TriC & DB Current: 700 nA Pressure: 4 psid
Concentration: TriC 1 uM, (without DB: CO,: 0.1 lIpm Median of 6 spectra
red) DB 90 uM (with DB: blue)
Capillary: 25 umid Air: 1 1Ipm mode: NM

There are 2 peaks detected in the GEMMA spectrum of TriC (Figure 3.11): a molecule
fragment at 12.2 nm ~ 329 kDa (consistent with previous MS measurements, molecular
weight of the fragment was calculated with ') and the molecular peak at 18.1 nm ~1.1 MDa
(calculated with [101). In Figure 3.12 binding of DB to TriC was not seen, there is no change in
the GEMMA spectrum. The problem is the low molecular weight of DB (~1 kDa) relative to
TriC (~1 MDa). The binding of one DB molecule to TriC would not change the molecular
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weight of the complex significantly. Additionally, the binding mechanism of DB on TriC
(whether surface binding or binding to the bulk) is unknown. However, the site of drug
binding influences the EM diameter change as well. Therefore, the analysis of complex
formation cannot be performed with the current GEMMA setup due to limitations in resolving

power.

Vaults are the largest known ribonucleoid particles found in eukaryotic cells so far.
The dimensions of vaults are 40 x 40 x 70 nm ! forming a barrel-shaped hollow particle *°!.
The molecular weight of vaults from rat liver was estimated to be 12.9 MDa £ 0.1 MDa.
(examined by scanning transmission electron microscopy) % . In vivo, vaults are composed
of 3 kinds of proteins: a major vault protein (MVP), Vault Poly (ADP-Ribose) Polymerase
(VPARP) and Telomerase/Vault-Associated Protein (TEP1) 2. Lately, the expression of
recombinant vaults using MVP with additional amino acids fused at the N- and C-termini was
carried out. Recombinant vault particles can be assembled from expression of either MVP
alone, or from MVP with one or two of other small vault proteins % Vaults can be expressed
by a baculovirus expression system and heterologous proteins (e.g. fluorescent proteins,
enzymes, proteinaceous drugs) can be encapsulated inside of these recombinant particles

using a protein-targeting domain termed INT for vault INTeraction %,

The fusion of membrane lytic peptide derived from adenovirus protein VI (pVI) to the
N-terminus of the major vault protein led to directed targeting and better delivery of vaults to
the cytoplasm. It was also shown that vaults can collapse at the particle waist and
reassemble back into whole vaults (half-vault/vault equilibrium) B4 B The vault structure is
an opened system that allows the incorporation of the VPARP and TEP1 proteins into the
vault interior due to half-vault/vault equilibrium B*. In this work, the analysis of vsvg and m-
Cherry expressed in one system was carried out with GEMMA. The expression process of
vaults is examined. Without mixing MVPs, the assembly of vaults may be conducted by a
ribosomal complex or a similar cellular mechanism. However, if mixing occurs, vault
formation might be a spontaneous process in the cytosol. Therefore, it was supposed that

GEMMA results would lead to a better understanding of assembly of large ribonucleoid
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particles. Upon detection of 2 separate peaks two vault species are formed. Vaults are formed
immediately after expression of respective MVP building blocks, no mixing of building

blocks occurs.

The EM diameter of m-Cherry- (10 MDa — 12 MDa) and vsvg- (8 MDa — 9MDa) vaults
was determined in this work using regression curve for monomers from 2 (y = - 4.287 +
2.225 * x - 0.348 * x* + 0.197* x°, y stands for molecular weight and x for EM diameter), EM
diameter for m-Cherry vaults was estimated in range 38 nm — 40 nm and for vsvg vaults in

range 35 nm — 36 nm.

The distance of channels in the given GEMMA instrument in that EM diameter range

is about 1.1 — 1.5 nm, which makes the recognition of m-Cherry and vsvg peaks difficult.

To determine the EM diameter of vsvg- and mCherry vaults mix samples (sample
preparation described in 3.2.4) were analyzed in NM of GEMMA. For the very first analysis
attempt, mix samples were measured after being stored for 2 months at 4°C. Further
experiments were carried out with fresh vault samples. First results are depicted in Figure
3.14. The absolute values are depicted in Figure 3.14A, the relative values in Figure 3.14B.
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Figure 3.14: GEMMA spectra of mix from 40% [w/w] (black), 40% - 45% [w/w]
(Interphase) (red), 45% [w/w] (purple) analyte concentration of sucrose gradient, A
depicted as absolute particle counts, B depicted as relative particle counts

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 1.9 kV Sheath flow: 15 Ipm

Sample: mix: 40% (black), Interphase Current: 300 nA Pressure: 4 psid
40% - 45% (red), 45% (purple) phase of
sucrose gradient

Concentration: not diluted CO,: 0.1 1pm Median of 6 spectra
Capillary: 25 umid Air: 2 Ipm mode: NM
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From Figure 3.14 EM diameters of mix components can be determined. The EM
diameter of the main peak of samples 2 (40 w/w% sucrose) and 3 (40 - 45 w/w% sucrose) is
at 35.9 nm, for sample 4 (45 w/w% sucrose) the determined EM diameter is at 37.2 nm. There
can be just one main peak recognized in the GEMMA spectra, the difference in EM diameter
of vsvg and m-Cherry might be too small for GEMMA analysis. A peak around 26 nm EM
diameter and detected with a relative low particle count number was suggested to result from
a vault artifact with about a half molecular weight of vault.

In order to exclude analyte concentration dependent artifacts during GEMMA
measurements, a mix sample was diluted 1:10 with ammonium acetate to observe changes in

GEMMA spectra in accordance to the vault concentration. Results are shown in Figure 3.15.
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Figure 3.15: Comparison of GEMMA spectra of mix obtained from 40% [w/w] analyte
concentration phases of sucrose gradient, A depicted as absolute particle counts, B
depicted as relative particle counts

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 2.1 kV Sheath flow: 15 Ipm
Sample: mix: 40% phase of sucrose Current: 300 nA Pressure: 4 psid
gradient
Concentration: not diluted (black), diluted CO,: 0.1 Ipm Median of 6 spectra
1:10 (red)
Capillary: 25 um id Air: 1 Ipm mode: NM

The peak signal of vaults particle decreased significantly with dilution, the signal of
particles with EM diameter under 10 nm that also include buffer molecules increased relative

to the vault peak. Additionally, no changes in EM diameter for vault particles were detected.
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However, a slight increase of the relative intensity of vault artifacts (at 26 nm EM diameter)

could be seen possibly due to lower analyte stability in buffers of lower ionic strength.

Further measurements were performed with mix. To observe the stability of the vault
particles a sample aliquot of sample 3 (40 - 45 w/w% sucrose) was frozen to -20°C for 48

hours. The results are depicted in Figure 3.16.
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Figure 3.16: Comparison of GEMMA spectra of mix obtained from 40% - 45% [w/w]
analyte concentration of sucrose gradient before and after storage at -20°C (48 hours)

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 1.9 kV Sheath flow: 15 Ipm
Sample: mix: Interphase 40% - 45% of Current: 300 nA Pressure: 4 psid
sucrose gradient
Concentration: not diluted CO,: 0.1 lpm Median of 6 spectra
Capillary: 25 umid Air: 2 Ipm sample frozen (-20 °C) for 48
hours (black), reference spectrum
(red)

As can be learned from Figure 3.16 the majority of vault particles do not collapse after
being frozen. The vaults appear stable after being exposed -20°C. An increase of low
molecular weight material might be due to molecules released from the interior of vaults
during the freezing and thawing process. A slight increase of vault artifacts (at 26 nm EM

diameter) could be due to partial analyte instability under the given conditions.
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Further experiments were performed to compare the GEMMA spectra of mix before

and after Microcon desalting. Results are depicted in Figures 3.17.
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Figure 3.17: Comparison of GEMMA results for mix before desalting (black) and after
desalting (red) from 40% [w/w] (Figure A), Interphase 40 % - 45% [w/w] (Figure B),

Electrolyte: 20 mM NH,OAc, pH 7.4

Sample: mix: 40% (Fig. A), Interphase
40% - 45% (Fig.B), 45% (Fig.C), 50%

45% [wiw] (Figure C), 50% [w/w] (Figure D) phases of sucrose gradient

(Fig. D) phase of sucrose gradient

Concentration: not diluted

Capillary: 25 um id

Voltage: 1.9 kV
Current: 300 nA

CO,: 0.1 lpm
Air: 1 Ipm

Sheath flow: 15 Ipm

Pressure: 4 psid

Median of 3-6 spectra

mode: NM, samples measured
before desalting (black) and after

desalting (red)

Figure 3.17 shows the relative increase of the vault peak after Microcon desalting in

comparison to the peak representing the low molecular weight material in case of 40%-, 45%

and Interphase 40% - 45% [w/w] fractions of the sucrose gradient. The vault concentration of

the 50% [w/w] sucrose fraction is low relative to low weight material. The peak apexes of
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single charged molecular vault peaks after Microcon desalting are shifted to 1 — 4 nm smaller
EM diameters values relative to the peak apexes of single charged molecular vault peaks
before Microcon desalting due to decrease of concentration of salts that aggregate on vault

molecules.

The peak at 26 nm corresponds to a vault artifact with about the half molecular weight
of complete particles. The intensity of this vault artifact increases after the microcon desalting
step. There is also a smaller peak at 44.5 nm in Interphase 40% - 45% and 45% fraction after
Microcon desalting. This peak could correspond to a dimer vault that could be seen in
samples with higher concentrations. For this reason the Interphase 40% - 45% sample was

diluted in NH,OAC, the results are shown in section 3.2.13.

Further experiments with mix samples from 40% - 45% Interphase were necessary to
be able to discuss the peaks found in GEMMA spectra of mix from 40% - 45% Interphase as
shown in section 3.2.12. The results are shown in Figures 3.18 (absolute values) and 3.19

(relative values).

The peak at 44.5 nm is no longer visible in diluted samples. Therefore it is likely that
this peak corresponds to a single charged dimer of vaults (monomer seen at 36 nm). The 26
nm artifact of vaults (in the Figure denoted as [M/2]") is significantly bigger to the vault
particle peak at 36 nm in sample diluted 1:25 with ammonium acetate. To confirm this
observation, one more analysis of this sample was done with lowered Sheath flow in the Nano
ES unit (0.3 Ipm). Results are depicted in 3.20.
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Figure 3.18: GEMMA results of mix from 40% - 45% [w/w] (Interphase) of sucrose
gradient at different analyte concentration

Electrolyte: 20 mM NH4OAc, pH 7.4

Sample: mix: Interphase 40% - 45% of
sucrose gradient

Voltage: 1.9 - 2.
Current: 300 - 400 nA

3kV Sheath flow: 15 Ipm

Pressure: 4 psid

Concentration: not diluted (orange) & CO,: 0.1 1pm Median of 3-6 spectra
diluted 1:5 (purple), 1:25 (red), 1:125
(black)
Capillary: 25 umid Air: 1 Ipm mode: NM
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Figure 3.19: Results from Figure 3.18 depicted as relative particle counts

43



4x10" 7
3x10"4 w2

2x10"4 [M]

1x10"

Particle counts [dW / dlogDp]

04

0 10 20 30 40 50 60 70
EM diameter [nm]

Figure 3.20: GEMMA results of mix vaults from 40% - 45% [w/w] (Interphase) of
sucrose gradient at lower Sheath flow in the nano ES unit

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 1.9 - 2.3 kV Sheath flow: 15 Ipm
Sample: mix: Interphase 40% - 45% of Current: 300 - 400 nA Pressure: 4 psid
sucrose gradient
Concentration: diluted 1:25 CO,: 0.1 lpm Median of 6 spectra
Capillary: 25 umid Air: 0.3 Ipm mode: NM

Figure 3.20 again shows a significantly higher 26 nm vault artifact peak (in the Figure
denoted as [M/2]"). Therefore, vault molecules tend to dissociate to half vaults at lower
analyte concentrations. The reason could be the instability of vaults at lower concentrations in
ammonium acetate (due to likewise dilution of an additionally stabilizing compound) or

equilibrium dependant dissociation due to lower vault concentration.

As no distinct peak for m-Cherry can be recognized in mixtures with vsvg (mix),
GEMMA analysis of m-Cherry alone in comparison to mix as reference took part. The results
are depicted in Figure 3.21.
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Figure 3.21: Comparison of GEMMA spectra for m-Cherry vaults and mix from 40%
[w/w] sucrose gradient (A) and 45% [w/w] sucrose gradient (B)

Electrolyte: 20 mM NH4OACc, pH 7.4 Voltage: 1.9 kV Sheath flow: 15 Ipm
Sample: m-Cherry vaults (blue), mix (red) Current: 300 nA Pressure: 4 psid
Concentration: not diluted CO,: 0.1 lpm Median of 6 spectra
Capillary: 25 umid Air: 1 Ipm mode: NM

From Figure 3.21 a difference in spectra recorded for m-Cherry vaults and a mix of
both vault species can be detected (it is of note that the concentration of vsvg is about 10
times higher than that of m-Cherry in mix samples as a result of analyte preparation in cells).
Because of that the detected EM diameter in mix samples is assumed to represent the signal of
vsvg vaults. The EM diameter of single charged monomer peak of m-Cherry is about 37 — 38
nm, the EM diameter of the single charged monomer peak of vsvg is about 35 — 36 nm. For
m-Cherry the vault artifact with about half molecular weight of the whole vault particle is
relative more intense than in mix samples. This leads to an assumption of bigger instability of
m-Cherry than vsvg vaults. The EM diameter of ‘half vault particles’ (in the Figure denoted
as [M/2]") of m-Cherry is about 30 — 31 nm, ‘half vault particles’ of vsvg are about 26 — 28
nm in diameter (see also Figures 3.18 - 3.20). Therefore, the difference of EM diameter of m-
Cherry and vsvg vaults is about 2 nm, the width of the peaks is more than 5 nm at half peak
height. However, the distance of channels analyzing EM diameters in the given GEMMA
instrument in that EM diameter range is about 1.1 — 1.5 nm. Additionally, the concentration of
m-Cherry is ten times less the concentration of vsvg. Thus, the differentiation of the two vault
types is very difficult. In the presence of m-Cherry the vsvg peak is not resolved from the m-

Cherry peak. Therefore, I tried to analyze these samples in the CM of GEMMA.
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CM is a new method for GEMMA analysis (as described in this work). Therefore, the
optimization of this method for more analytes is necessary. CM has already been successfully
employed for protein separation (BSA and IgG). In this part the application of this method to
separate particles with a big difference in molecular weight and EM diameter was performed.
Ovalbumin (EM diameter = 6 nm), Transferrin (EM diameter = 7.2 nm) and vsvg / m-Cherry
vaults (EM diameter = 35 — 36 nm) were analyzed. First experiments were performed with all
three analytes, Ovalbumin and Transferrin were 4 UM, vaults were 1:5 diluted after Microcon
desalting (Interphase 40% - 45% was used). Exemplary GEMMA spectra are shown in Figure

3.22. The experiment was repeated n = 5 times in total.

A separation of proteins and vaults can be observed, the vault peak is detected in one
scan (scan 9) before the proteins (Ovalbumin ~ 6 nm and Transferrin ~ 7.2 nm) pass the
system (scan 10). However, in the scan detecting proteins (scan 10) as well vaults can be seen
(however, at lower concentrations than with the previous spectrum). In the following scan
there is none of these analytes detected. Therefore, the separation of vaults from Ovalbumin
and Transferrin was just partial. The problem is the peak broadness probably because of (i)
the pressure application leading to parabolic flow profile inside the capillary, (ii) a long
injection time (5 s injection time was necessary to detect analytes), (iii) attachment of analytes
to surface and (iv) diffusion of analytes. The next sample plugs were performed with 4.5 pM
Ovalbumin and vault samples (mix taken from Interphase 40% - 45% of sucrose gradient)
diluted 1:9 with ammonium acetate after the Microcon desalting. The results are depicted in
Figure 3.23.
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Figure 3.22: Separation of Ovalbumin, Transferrin and mix from 40% - 45% [w/w]
(Interphase) of sucrose gradient in CM

Electrolyte: 20 mM NH4OAc, pH 7.4

Sample: Ovalbumin, Transferrin, mix

Voltage: 1.9 kV
Current: 300 nA

Sheath flow: 15 Ipm
Pressure: 1.4 psid

Concentration: Ovalbumin & Transferrin CO,: 0.1 lpm individual measurements
4 uM, mix diluted 1:5
Capillary: 25 umid Air: 1 1Ipm mode: CM, 5 s plug

In the measurements depicted in Figure 3.23 the partial separation of vaults from

Ovalbumin took part. The vaults can be seen in two scans, Ovalbumin is only detected in the

second scan together with vaults. Better separation of analytes can possible been reached at

lower pressure (in this measurement 2.4 psid) but at lower pressure, no stable electrospray in

the system could be maintained). The partial separation at higher pressure could be observed

because of short scan times (16 seconds per one scan).
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Figure 3.23: Separation of Ovalbumin and mix from 40% - 45% [w/w] (Interphase) of
sucrose gradient in CM, 2 experiments (A & B)

Electrolyte: 20 mM NH4OACc, pH 7.4 Voltage: 1.8 kV Sheath flow: 15 Ipm
Sample: Ovalbumin, mix: 45% Phase of Current: 200 - 300 nA Pressure: 2.4 psid
sucrose gradient
Concentration: Ovalbumin 4uM, mix CO,: 0.1 1pm individual measurements
diluted 1:5
Capillary: 25 umid Air: 0.5 Ipm mode: CM, 5 s plug

The length of the capillary for all previous measurements was 25 cm. In the CM
system the CE separation is disturbed by an applied pressure difference in the capillary
(hydrodynamic flow profile leads to peak broadening). To see if the CE separation would be
better in the system with a longer separation distance the next CM experiments were done
with a 75 cm long capillary. One exemplary spectrum is depicted in Figures 3.24. The

experiment was carried out n = 10 times.

From Figure 3.24 it can be seen that the separation of Ovalbumin and mix (Interphase
40% - 45% from sucrose gradient) in a 75 cm long capillary was even worse than in a 25 cm
long capillary. The vaults can be detected in a few scans before and after Ovalbumin can be
seen (vaults can be detected in scans 10 — 17, Ovalbumin in scans 12 — 15). In a next step to
decrease the sample amount injected to the system in CM, the concentration of sample was
diluted 1:10 with ammonium acetate the final Ovalbumin concentration was 0.45 UM, vaults

were diluted 1:90 after Microcon desalting. However, there was no improvement observed.
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Figure 3.24: Separation of Ovalbumin and mix from 40% - 45% [w/w] (Interphase) of
sucrose gradient in CM (with 75 cm capillary), one experiment, scans 10 — 13 (A), scans

14 -17 (B)
Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 1.8 kV Sheath flow: 15 Ipm
Sample: Ovalbumin, mix: 45% Phase of Current: 200 - 300 nA Pressure: 1 psid
sucrose gradient
Concentration: Ovalbumin 2.5uM, vaults CO,: 0.1 Ipm individual measurements
diluted 1:8
Capillary: 25 umid Air: 1.5 Ipm mode: CM, 5 s plug

The problem is the peak broadness because of the pressure application leading to
parabolic flow profile, long injection time (5 s injection time was necessary to detect
analytes), attachment of analytes to surface and diffusion of analytes, that is more intense to
observe in the 75 cm long capillary. The handling with 25 cm capillary is easier. The 25 cm
capillary is more appropriate for separation of proteins and vaults in CM. Additionally, the
preparation of tipped capillaries is a problem: Capillaries of 25 cm length and prepared with a
tip can be purchased. For longer capillaries, the tip has to be prepared in-house (which often

leads to a bad reproducibility) to obtain a stable Taylor conus.

Despite problems to separate vault particles from proteinaceous standards as reported
in the previous section, it was tried to analyze mix in CM to separate these two analytes from

each other. One exemplary result from three CM runs is depicted in Figure 3.25.
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Figure 3.25: Separation of m-Cherry and vsvg from mix from 40% - 45% [w/w]
(Interphase) of sucrose gradient in CM

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 1.9 kV Sheath flow: 20 Ipm
Sample: mix: Interphase 40% - 45% Current: 300 nA Pressure: 2.4 psid
Phase of sucrose gradient
Concentration: not diluted CO,: 0.1 lpm individual measurement
Capillary: 25 umid Air: 0.7 Ipm mode: CM, 5 s plug

Vaults are present mainly in two scans of CM, there is a peak at 35-36 nm that
corresponds to vsvg (mainly in scan 5, it is also found in scan 6 in Figure behind vsvg peak in
scan 5). The artifact of vaults may be seen at 25.9 nm in scan 6. The m-Cherry artifact with
about half molecular weight of the whole vault particle is relative more intense as in the case
of vsvg, because of the higher instability of m-Cherry particles (see section 3.2.14). Possibly,

the partial separation of vault artifact and complete particle was achieved in CM.

The following experiments were performed to determine the stability of vaults in
solutions containing MeOH as necessary prerequisite for future ESI MS work. The mix from
40% - 45% Interphase of sucrose gradient were analyzed at 0%, 10%, 20% and 30% [v/v]
MeOH content in NM GEMMA. The results are shown in Figure 3.26. The absolute values

are shown in Figure 3.26A, the relative values in Figure 3.26B.
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Figure 3.26: GEMMA results of mix stability in MeOH

Electrolyte: 20 mM NH4OACc, pH 7.4 Voltage: 1.9 kV
Sample: mix: 45% Phase of sucrose Current: 300 nA
gradient
Concentration: vaults diluted 1:6, CO,: 0.1 lpm
Methanol 0-, 10-, 20- & 30% [V/V]
Capillary: 25 umid Air: 1.0 Ipm

Sheath flow: 15 Ipm
Pressure: 1 psid

median of 6 spectra

mode: NM

From Figure 3.26 the stability of vaults up to 20% MeOH content in the sample can be

observed (although upon MeOH addition particle counts are diminished). In 30% MeOH, the

peak of vaults decreases significantly. Concomitantly, more unspecific aggregates as well as

vault artifacts are detected. Vault particles are seemingly no longer stable at 30% MeOH

content.
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4 Conclusions and Outlook

In this work the electrophoretic separation of standard proteins in the liquid phase
(nano ES capillary) of a standard, commercially available GEMMA was performed.
Theoretical considerations gave basics for the understanding of force distribution in the nano
ES capillary. The optimization of applied pressure, sheath flow in the nano ES unit as well as
the pH of the employed buffer, the concentration of sample as well as the plug time for CM
was carried out. The separation of BSA and IgG with different migration times was observed.
The reduction of pressure was necessary in order to enable the separation of analytes,
however at least 0.4 psid (= 0.03 bar) is needed for providing stable aerosol. Furthermore, the
new developed method enabled the analysis of samples with higher salt concentration (up to 2
mM) due to online desalting. When the reference conditions of GEMMA (= NM) are applied,
the analytes are covered with salt molecules upon drying of droplets resulting in
heterogeneous EM diameter distributions, making the determination of EM diameters of
analytes difficult if not even impossible. In our results the online desalting of sample was
shown, resulting EM diameter corresponded to the EM diameter determined from the sample
without any salt content. The next step in application of this new method can be analysis of

samples containing detergents as well as electrophoretic sample stacking.

The new developed method for electrophoretic separation was also applied for real
biological samples. Vaults sample were analyzed at UCLA, for the setup of the instrument the
2%q_source was exchanged, the instrument was checked by analysis of a standard protein.
The results of GEMMA spectra of BSA and Ovalbumin were compared to spectra obtained at
TUVIE. The results showed accordance in the EM diameter for both proteins and in the case

of BSA even the particle counts were comparable.

The analysis of mix sample of two different vault particles in NM detected only one
main peak in the GEMMA spectrum. However, analysis of individual particles demonstrated
that there is a difference of EM diameter of the single charged monomer peaks of individual
species. The EM diameter of m-Cherry was found at about 37 — 38 nm, the EM diameter of
vsvg was found at about 35 — 36 nm. Furthermore it was shown that vaults are stable also
after being exposed -20°C (for 48 hours). Additionally, CM experiments were carried out
with vault sample as well as with samples containing vaults and Ovalbumin. Partial separation
of vaults from Ovalbumin was observed in CM. These experiments were done also in 75 cm

long capillary, but the better results were achieved in 25 cm capillary. CM was applied for the
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separation of vault mix as well. The artifact peak that may correspond to m-Cherry-MVP

vault artifact and vsvg-MVP vault molecular peak are detected in different scans.

The analysis of vaults in solutions with MeOH content showed that the vaults are no
longer stable at 30% v/v MeOH, for lower MeOH concentrations at least partial analyte

stability is given.

Additionally, preliminary measurements of Hemoglobin-N2N3 Receptor Complex,
TriC-Drug Complex were performed. Furthermore, the stability of Mmm1-D5-Fusion

Complex in solutions containing up to 30% v/iv MeOH was investigated.
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5 Appendix

Additional results that were not given in sections 3.1 and 3.2 are summed up in the

following part.

To optimize the CM it was necessary to check several parameters: pH of solution, the
lowest possible pressure in the pressure chamber and the lowest possible Air- and CO; sheath
flow in the nano ES unit. This was done in NM, FM as well as in CM. The influence of the
plug time in CM was investigated as well. Additional results of online desalting at lower
sodium chloride concentration are shown as well. The migration times of analytes were

calculated from results of CE. All these experiments are described in section 5.1.

The amino acid sequences of analyzed proteins and protein complexes are listed in

section 5.2.
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5.1 Additional experiments to investigation of

electrophoretic effects during sample introduction to a

GEMMA instrument via a nano electrospray setup in more

detail

GEMMA measurements of proteins (Ovalbumin, BSA and 1gG) were done under

reference conditions (=NM) to track changes in spectra obtained under different conditions
and modes of GEMMA. The results are depicted in Figure 5.1.
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Figure 5.1: GEMMA results for Ovalbumin (A), BSA (B) and IgG (C)

Electrolyte: 20 mM NH4OAc, pH 7.4
(red) & 8.4 (blue)

Sample: Ovalbumin, BSA, IgG
Concentration: 1 uM
Capillary: 25 umid

Voltage: 2.4 kV Sheath flow: 15 Ipm
Current: 300 nA Pressure: 4 psid
CO,: 0.1 Ipm Median of 6 spectra
Air: 1 1Ipm mode: NM
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The major peak detected respectively corresponds to the single charged protein
monomer. Ovalbumin is detected at an EM diameter of 6.1 nm (EM diameter in literature 6.3
nm: %), BSA at an EM diameter of 6.9 nm (7.1nm: %) and 19G at an EM diameter of 8.9
nm (9.3 nm: 1% 30 respectively. The results correlate with the diameters described in
literature. Small deviations are probably due to measurements carried out (according to the
manufacturer) without instrument calibration. Other peaks at lower EM diameter values
correspond to multiple charged monomer peaks. They were detected because of the age of the
employed ?'°Po source. Peaks with higher EM diameter result from single charged dimer and
multimer particles as already described in literature %, Variation of pH had no influence on

the EM diameters of peaks and the ratio of detected species under investigated conditions.

The pressure applied in the pressure chamber accelerates analytes towards the capillary tip
and make the electrophoretic separation of analytes more difficult (as the resulting force is
directed against the electrophoretic mobility of analytes and additionally peak broadening
occurs). Because of that, it was the intention to carry out GEMMA measurements in CM at as
low pressure values as possible. To observe the impact of pressure applied on the sample
chamber on the migration of analytes through the capillary and on the resulting spectra and to
determine the minimum pressure needed for particles transport through the electrospray unit,
the analytes were analyzed at various pressure values: 3.4 psid, 1.4 psid, 0.4 psid and 0 psid.
The Figures 5.2 — 5.3 show the GEMMA spectra of Ovalbumin, BSA and 1gG recorded under
different pressure levels applied to the pressure chamber. For all analytes, spectra at pH 7.4
and pH 8.4 were recorded. However, as these do not differ significantly at these two pH
values, only results at pH 7.4 are shown. To enable a better comparison the spectra were
normalized, the single charged monomer peak was set as 100% (except for Figure 5.2)

The influence of the pressure applied to the sample chamber can be determined from
Figures 5.2 — 5.3. The spectra at 1.4 psid and 3.4 psid show a similar peak form and EM
diameter for the investigated analyte. On the other hand, the results at 0.4 psid show the limits
of the instrument at lower psid values. The signal intensity decreases tremendously. If there is
no pressure applied, seemingly the amount of analyte reaching the ES tip is too low, resulting

in no recorded signal.
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Figure 5.2: Comparison of GEMMA results for Ovalbumin recorded under different
pressure levels applied to pressure chamber

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 2.8 kV
Sample: Ovalbumin Current: 300 — 400 nA
Concentration: 1 uM CO,: 0.1 Ipm
Capillary: 25 umid Air: 1 lpm

Sheath flow: 15 Ipm
Pressure: 0 — 3.4 psid
Median of 6 spectra
mode: NM
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Figure 5.3: Comparison of GEMMA results for Ovalbumin (A), BSA (B), 1gG (C)
recorded under different pressure levels applied to pressure chamber, depicted as
relative particle counts

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 2.8 kV Sheath flow: 15 Ipm

Sample: Ovalbumin, BSA, IgG Current: 300 — 400 nA Pressure: 0 — 3.4 psid

Concentration: 1 uM CO,: 0.1 lpm Median of 6 spectra
Capillary: 25 umid Air: 1 1Ipm mode: NM

As it was our intention to reduce the pressure applied to the sample chamber as much
as possible and at the same time still record spectra at stable conditions 1.4 psid (= 0.1 bar)

was chosen, because of stable results provided at this pressure level.

Another factor that influences the migration of analytes in the GEMMA capillary is the air

and CO; sheath flow acting at the capillary tip. To see if it is possible to reduce these flows
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and hence their influence on the analyte migration through the capillary, the GEMMA

analysis of Ovalbumin, BSA and IgG at lower air and CO, flows was carried out.

Proteins were analyzed at combinations between 0 and 0.1 Ipm CO;and 0, 0.2, 0.5 and 1 Ipm
Air sheath flow. The sheath flow in DMA was set to 15 Ipm for a good resolution of peaks, at
Macrolon (Macrolon = sum of CO; and Air sheath flow) < 0.1 Ipm the sheath flow in the
DMA was at 13.5 Ipm because of a limitation of the instrument. (The pump of the DMA unit
is not able to produce high flow value exceeding approximately 14 Ipm and hence 15 Ipm
could not be reached under certain conditions.) Figure 5.4 shows the spectra of Ovalbumin,
BSA and IgG at different Air and CO, sheath flow levels in the electrospray unit. Again
spectra are recorded at pH 7.4 and 8.4, respectively. As there was no significant change

between pH values, only results at pH 7.4 are shown.
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Figure 5.4: Comparison of GEMMA results for Ovalbumin (A), BSA (B), 1gG (C)

recorded at different Air and CO; sheath flow levels in electrospray unit, depicted as
relative particle counts

Electrolyte: 20 MM NH4OAc, pH 7.4 Voltage: 2.8 — 3.0 kV Sheath flow: 13.5 Ipm
Sample: Ovalbumin, BSA, 1gG Current: 400 — 500 nA Pressure: 4 psid
Concentration: 1 uM CO,:0-0.1Ipm Median of 6 spectra
Capillary: 25 um id Air:0-1Ipm mode: NM
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Figure 5.4 shows the impact of different Macrolon values on recorded spectra: without
Macrolon, particles are not transported from the electrospray chamber to the DMA and hence
cannot be detected. Results of measurements at Macrolon 0.3 Ipm (Air 0.2 Ipm, CO, 0.1 Ipm)
demonstrate these sheath flows as sufficient for GEMMA analysis of proteins. The EM
diameters of the peaks remain stable more or less at all conditions. From these measurements

it can be concluded that at least Macrolon 0.3 Ipm is necessary for GEMMA analysis.

CE experiments of Ovalbumin, BSA and IgG samples were carried out to estimate the
EOF (Meor) and mobility of analytes (Happ) in GEMMA. The measurements were carried out
with a fused silica capillary (diameter 25um) on a standard 3D CE instrument (Agilent). The
preparation of samples and analysis were described in 3.1. In this section the calculation of
EOF and mobility of analytes will be described in detail.

The EOF mobility (Meor) and the apparent mobility (Happ) Of analytes can be calculated from:

— Leffective Ltotal
MEOF= ————— — )
U tEoF
— Leffective Ltotai
= Lozt L @
app

Lefrective 1S the effective length of the capillary (= 51.7 cm) and Lo the total length of
the capillary (= 60.2 cm). The migration times (teor and ts,) can be read from the
electropherograms, teor from DMSO migration (n= 8), tap from protein migration (n=4). The

effective mobility Ues (independent from EOF) can be determined as:

Meff = HEOF - Happ (3)
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Results are part of section 3.1. The product of the electric field E (=3.2 kVm™, the value was

obtained as described in 3.1) in GEMMA capillary and L leads to the analyte velocity vce

Vce = E * Merr (4)

and finally the calculation of the migration time needed to pass the capillary considering the

length of the capillary L (= 26cm):

tCE =L/ VcE (5)

Results in table 5.1 show that the biggest differences of migration times of analytes

considering EOF and L are at the lower pH levels (7.4 and 8.4).

Table 5.1 Migration time of analytes tce considering EOF and e

BSA [s] Ovalbumin [s] 19G [s]
pH 7.4 259 244 182
pH 8.4 259 245 183
pH 9.4 197 184 142

The reproducibility of CE analysis is better at higher pH, because of that pH 9.4 was used for

further experiments.
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To estimate the migration time of analytes Fpsiq (pressure applied to the sample
chamber) has to be considered as well. The influence of Fysq on migration time of analytes

can be calculated using Hagen—Poiseuille equation:

__ APxmd?
T 128pxL

(6)

Q is the volumetric flow rate, AP the pressure difference (AP=1psid in CM), d is the
inner diameter of the capillary (= 25um), p is the dynamic viscosity (calculated as water =
0.001 Pa:-s at 20°C), L is the length of the capillary (L = 26 cm). The linear flow rate vpsiq is

then calculated as described in equation 7.

Vpsid = Q/ A (7)

A is the cross sectional area of the capillary (A= n*d4 = 4.9 * 10™° m?). The resulting
linear flow rate is the sum of vyiq and vce (both of the flow rates are directed towards the

capillary tip):

V = Vpsid + Vce (8)

The final migration time of analytes can be calculated from v and L.:

t=L/v )

Results for Ovalbumin, BSA and IgG at different pH and AP = 1psid are depicted in Table
5.2
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Table 5.2 Migration time of analytes considering EOF, et as well as Fysiq

BSA [s] Ovalbumin [s] 19G [s]
pH 7.4 171 164 134
pH 8.4 171 165 134
pH 9.4 142 135 111

From table 5.2 the differences of analyte migration times considering EOF, Pt as well as Fpsiqg
(the sheath flow at the capillary tip does not have impact on migration time, as already shown
in 3.1) can be recognized. This is a theoretical base for separation of analytes in CE-
GEMMA.

Additional GEMMA measurements in FM were necessary for the optimization of the
FM and a successful setup of CM. A constant EM diameter value for each analyte was tracked

over time, Ovalbumin was analyzed at 6.0 nm, BSA at 7.0 nm, 1gG at 9.0 nm.

The first measurements (Figure 5.5) were taken at 3.4 psid in the pressure chamber, 1
Ipm Air and 0.1 Ipm CO; flow in the ES unit. These conditions were similar to the standard

conditions in NM and were useful for comparison of analysis modes.
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Figure 5.5: Comparison of GEMMA results for Ovalbumin (A), BSA (B), 19G (C) in FM

Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: Ovalbumin, BSA, IgG Current: 300-400 nA Pressure: 3.4 psid
Concentration: 1 uM CO,: 0.1 lpm individual measurements
Capillary: 25 um id Air: 1 Ipm mode: FM

There are differences in migration times of proteins at same conditions caused by a
different electrophoretical mobility of these proteins in the capillary of GEMMA. 1gG starts to
be detected 110 seconds after being placed into the pressure chamber, BSA and Ovalbumin
after 115 seconds. This correlates also with the theoretical considerations described in 5.1.5:
IgG has the smallest mobility and should pass the system at the first place of these three

analytes.

Next measurements (Figure 5.6) were done under decreased pressure in the pressure

chamber Ap = 1.4 psid and pH 7.4 and 8.4, respectively.
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Figure 5.6: Comparison of GEMMA results for Ovalbumin (A), BSA (B), 1gG (C) in FM

Electrolyte: 20 mM NH,OAc, pH 7.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: Ovalbumin, BSA, IgG Current: 300-400 nA Pressure: 1.4 psid
Concentration: 1 uM CO,: 0.1 1pm individual measurements
Capillary: 25 umid Air: 1 1Ipm mode: FM

The samples at pH 8.4 were also analyzed under these conditions (1.4 psid in pressure
chamber, 1 Ipm Air- and 0.1 CO, sheath flow in electrospray unit). The spectra are depicted in

Figure 5.7:
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Figure 5.7: Comparison of GEMMA results for Ovalbumin (A), BSA (B), 19G (C) in FM

Electrolyte: 20 mM NH4OAc, pH 8.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: Ovalbumin, BSA, IgG Current: 300-400 nA Pressure: 1.4 psid
Concentration: 1 uM CO,: 0.1 lpm individual measurements
Capillary: 25 um id Air: 1 Ipm mode: FM

The migration time of BSA and 1gG at pH 8.4 does not differ significantly from the
results at pH 7.4. On the other hand the migration time of Ovalbumin increased from 210
seconds to 250 seconds with increasing pH. The explanation for this increase could be the
inaccurate pressure adjustment for that particular analysis, because of the stable migration
time of other two proteins. The procedure of measurements at lower psid levels was optimized
later: for the results shown above pressure was adjusted for every measurement, in later runs
all analytes were measured consecutively without manipulation of pressure (washing with

NH;OAc was also performed under corresponding conditions).

The following GEMMA measurements were carried out reducing the pressure in the
pressure chamber even further to Ap = 0.8 psid. The resulting GEMMA spectra may be seen

in Figures 5.8 — 5.10. Results for pH 7.4, 8.4 and 9.4 are shown, respectively.
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Figure 5.8: Comparison of GEMMA results for Ovalbumin (A), BSA (B), 19G (C) in FM

Electrolyte: 20 mM NH,OAc, pH 7.4
Sample: Ovalbumin, BSA, IgG
Concentration: 1 uM

Capillary: 25 umid

Voltage: 2.7 kV
Current: 300-400 nA
CO,: 0.1 lpm
Air: 1 lpm

Sheath flow: 13.5 Ipm
Pressure: 0.8 psid
individual measurements
mode: FM
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Figure 5.9: Comparison of GEMMA results for Ovalbumin (A), BSA (B), IgG (C) in FM

Electrolyte: 20 mM NH4OAc, pH 8.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: Ovalbumin, BSA, IgG Current: 300-400 nA Pressure: 0.8 psid
Concentration: 1 uM CO,: 0.1 lpm individual measurements
Capillary: 25 umid Air: 1 Ipm mode: FM
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Figure 5.10: Comparison of GEMMA results for Ovalbumin (A), BSA (B), 1gG (C) in

FM
Electrolyte: 20 mM NH,OAc, pH 9.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: Ovalbumin, BSA, IgG Current: 300-400 nA Pressure: 0.8 psid
Concentration: 1 uM CO,: 0.1 1pm individual measurements
Capillary: 25 umid Air: 1 1Ipm mode: FM

The migration time of analytes is increasing with a decreasing pressure in the pressure
chamber, as deduced already from in Hagen- Poiseuille equation. The other effect caused by a
decreased pressure is the decreasing signal of analytes (i.e. Figures 5.5A, 5.6A, 5.8A:
Ovalbumin 3.4 psid 1500 - 2500 raw counts, 1.4 psid: 600-700 raw counts, 0.8 psid: 300-400

raw counts).

The results of analysis of 1gG at pH 8.4 is not considered as reliable, the signal is very
low, there is a low signal to noise ratio. It is difficult to recognize the time when 1gG
molecules reach the detector. The possible reason may be the quality of sample. The later
results were performed with new stock, the obtained results showed significantly higher signal

of analytes.
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At pH 7.4 Ovalbumin is the analyte with the longest migration time (~320s), following
by BSA (~310s) and IgG (~300s). At pH 8.4 (without regarding results of IgG) is the
migration time of Ovalbumin (~290s) also longer than that of BSA (~285s). Results at pH 9.4
show also Ovalbumin as the slowest analyte (~295s), BSA (~290s) and IgG (~275s) are
faster. IgG has the smallest mobility (mobility is directed against EOF away from the
capillary tip) and because of that appears as first analyte at the detector. BSA should pass the
capillary later than Ovalbumin because of its higher mobility, but in the experiments, the
migration time of Ovalbumin is about 5 seconds shorter than the migration time of BSA.
However, a 5 seconds difference between analytes was not regarded to be significant as it
might result from handling of the instrument. A point to discuss is a big difference of
migration time of the same analytes at pH 7.4, 8.4 and 9.4. Following the knowledge that EOF
is increasing with pH (mobility of ions is increasing just slightly) the migration of analytes at
pH 9.4 should be faster than at lower pH. This is not the case in the results shown above (i.e.
Ovalbumin pH 8.4 ~290s, pH 9.4 ~295s). The difference of migration times among analytes
can be also caused by an inaccurate pressure setting.

Measurements at lower sheath flows (in the electrospray unit) were also performed.
Protein analysis in FM at 0.8 psid, 0.6 Ipm Air, 0.1 Ipm CO; and pH levels 7.4, 8.4, 9.4 was
possible. Migration times of analytes are still obtainable under these conditions. However,
reproducibility problems appeared, as the same sample vial was used for repeated injections.

Buffer electrolysis may occur influencing the mobility of analytes.

Additionally, it appears that the comparison of migration times in this set of
measurements is difficult due to insufficiently precise pressure adjustment with a standard,
commercially available GEMMA instrument. For the optimization of FM settings more

measurements were needed.

Figure 5.11 show the results of the migration times (only Ovalbumin and BSA, there
were problems with 1gG sample, stable signal could not be observed, as already mentioned in
results showed in Figure 5.9C) in FM at lower Macrolon: 3.4 psid, 0.2 Ipm Air, 0.1 Ipm CO.,

pH 8.4 and higher pressure values in the sample chamber.

Figure 5.11 demonstrates that there is a good signal/noise ratio even at lower
Macrolon values, the information about migration time of analytes can be determined also at
0.2 Ipm Air and 0.1 Ipm CO,. The migration times of Ovalbumin and BSA do not differ, the
high pressure (3.4 psid) is the main force rendering other forces in the capillary negligible.
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Next measurements were performed at 1.4 psid, 0.2 Ipm Air, 0.1 Ipm CO,, pH 7.4 and 8.4.
The GEMMA spectra of Ovalbumin, BSA, 1gG are depicted in Figures 5.12 — 5.14.
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Figure 5.11 Comparison of GEMMA results for Ovalbumin (A), BSA (B) in FM

Electrolyte: 20 mM NH,OAc, pH 8.4
Sample: Ovalbumin, BSA
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Figure 5.12: Comparison of GEMMA results for Ovalbumin at pH 7.4 (A) and pH 8.4

Electrolyte: 20 MM NH,OAc, pH 7.4 & 8.4

Sample: Ovalbumin

Concentration: 1 uM

Capillary: 25 pum id

(B) in FM

Voltage: 2.7 kV
Current: 300-400 nA
CO,: 0.1 Ipm
Air: 0.2 Ipm

Sheath flow: 13.5 Ipm
Pressure: 1.4 psid
individual measurements
mode: FM
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Figure 5.13: Comparison of GEMMA results for BSA at pH 7.4 (A) and pH 8.4 (B) in

FM
Electrolyte: 20 mM NH4OAc, pH 7.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: BSA Current: 300-400 nA Pressure: 1.4 psid
Concentration: 1 uM CO,: 0.1 1pm individual measurements
Capillary: 25 umid Air: 0.2 Ipm mode: FM
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Figure 5.14: Comparison of GEMMA results for 1gG at pH 7.4 (A) and pH 8.4 (B) in

FM
Electrolyte: 20 mM NH,OAc, pH 7.4 & Voltage: 2.7 kV Sheath flow: 13.5 Ipm
8.4
Sample: IgG Current: 300-400 nA Pressure: 1.4 psid
Concentration: 1 uM CO,: 0.1 lpm individual measurements
Capillary: 25 umid Air: 0.2 Ipm mode: FM

Figures 5.12 — 5.14 demonstrate the migration times of analytes at 1.4 psid and 0.3
Ipm Macrolon. The migration time of BSA is the longest one at pH 7.4 (~ 225 s) as well as at
pH 8.4 (~ 225 s) which correlates with theory described in section 5.1.6. IgG passes the
capillary at 210 s at pH 7.4 or in 200 s at pH 8.4. This is the shortest migration time from the
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three investigated analytes, confirmed also by theoretical considerations given in section
5.1.5. The mobility of Ovalbumin is smaller than BSA what makes the migration time shorter
at pH 7.4 (~ 205 s) as well as at pH 8.4 (~ 205 s).

As already mentioned, the inaccurate pressure adjustment and manipulation with
pressure after each run lead to significant pressure variation. To determine the lowest pressure
with these Macrolon settings (0.2 Ipm Air, 0.1 Ipm CO;) where the migration time is still
possible to determine, the pressure was lowered to 0.8 psid and FM measurements were
carried out. The results are depicted in Figure 5.15:
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Figure 5.15: GEMMA results of Ovalbumin at low Macrolon and low pressure
difference in the pressure chamber (FM)

Electrolyte: 20 mM NH4OAc, pH 8.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: Ovalbumin Current: 300-400 nA Pressure: 0.8 psid
Concentration: 1 uM CO,: 0.1 lpm individual measurements
Capillary: 25 umid Air: 0.2 Ipm mode: FM

Measurements of BSA and IgG at 0.8 psid, 0.2 Ipm Air, 0.1 Ipm CO; could not be
performed successfully, because of an instable electrospray generated by the low pressure and
Macrolon. Results obtained for Ovalbumin also show noise present in the spectrum and due to
this reason these low Macrolon conditions appear not to be suitable for FM of analytes.

In general, migration times determined at lower pressure are not as reproducible as
values obtained at higher pressure applied in the pressure chamber. On the other hand,
differences of the migration times of proteins are increasing with a decreasing pressure.
Because of that these conditions are more suitable for CM. The reproducibility of results was
increased with a new procedure used for CM: the pressure for all of measurements done in

one day was set at the beginning of the measurement series. No pressure manipulation was
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carried out between samples. Such, constant conditions for all analyses taken place in one day
(the set of measurements with same conditions measured was preferably analyzed in one day)
were obtained. Additionally, injections were only carried out once for each vial to reduce any

electrolysis effects.

The other parameter that could possibly be optimized for analyte separation is the
electrolyte pH. Differences of analytes™ migration times at same pressure and different pH are
not significantly (i.e. Figures 5.8 — 5.10, mostly 5 seconds difference between analytes).
Therefore the influence of the pH can be neglected.

At higher pH levels the silanol groups of the fused silica capillary are deprotonated,
stable CE conditions in the capillary are ensured. Measurements at pH 9.4 showed a
reproducible FM profile in all runs. The reduction of the sheath flow at the capillary tip did
not influence the migration time of analytes (theoretically discussed in 3.1). Because of that

finding a higher sheath flow level with a higher signal/noise ratio was chosen.

There were more experiments in CM necessary to obtain stable measurement conditions as
described in 3.1. In the beginning the plug time as well as the concentration of the sample had
to be optimized. There were 0.5 pM and 1 pM single protein samples (Ovalbumin, BSA or
IgG) at pH 8.4 and pH 9.4 analyzed. The EM diameter measured in the detector remained
constant over time. Ovalbumin was analyzed at 6.0 nm, BSA at 7.0 nm, IgG at 9.0 nm. The

plug time was set 1 s — 5 s as indicated. The results are depicted in Figures 5.16 and 5.17.

74



Figure 5.16 ¢ =1 puM; 5s plug time c =1 pM; 2s plug time ¢ = 0.5 uM; 5 s plug time ¢ =0.5uM, 1 s plug time
A B —— Series 1 —— Series 1 .
100- ) 1007 —— Series 2 1007 —— Series 2 25 Series 1
— Series 1 . . — Series 2
. —— Series 3 —— Series 3 .
— Series 2 : : —— Series 3
801 ( h go{ — Series4 g0 — Series4 20
I Serles 3 —— Series 5 i }F
‘\ —— Series 4 |
o 604 2 2 604 a2 159
£ £ £ £
g g g 5
S 40 3 S 40/ 8 104
H H H £
20 2] 5
0 o o
250 260 270 280 200 300 310 320 330 250 260 270 280 200 300 310 320 330 350 360 370 380 300 400 410 420 430 200 300 310 320 330 340 350 360 370
Oval bum i n Time [s] Time [s] Time [s] Time [s]
E F —— Series 1 .
. —— Series 1
2507 300] — Series1 1007 —— Series 2 259 —— Series 2
—_ i . —— Series 3 .
Ser!es 1 Series 2 —— Series 3
200 —— Series 2 2504 —— Series 3 804 204
—— Series 3 —— Series 4
o 150 @ 2001~ Series5 2 60 2 159
5 5 5 s
8 1004 g 1509 8 40d 8 10
3 2 100] 3 H
o 504 o o o 54
20
50-
o ) o]
[OE 0
250 260 270 280 200 300 310 320 330 250 260 270 280 290 300 310 320 330 350 360 370 380 390 400 410 420 430 200 300 310 320 330 340 350 360 370
BSA Time [s] Time [s] Time [s] Time [s]
I ’ —— Series 1 —— Series 1
350+ ) 400+ ) 350+ i 60- !
— Series 1 — Series 1 (" — Series 2 — Series 2
3004 —— Series 2 350 —— Series 2 ;,“‘.\'\ 3004 —— Series 3 504 —— Series 3
—— Series 3 3004 7Ser!es 3 N | Series 4
250 ——— Series 4 ~——— Series 4 i I 250+ ——— Series 5 201
‘E 2004 ——— Series 5 ;g Series 5 ' g 2001 g
> > > S 304
o o o o
3 150 3 8 150 8
3 3 3 3 204
X 1004 o @ 1004 (3
10]
50+ 504 0
o] 0 or*
250 260 270 280 290 300 310 320 330 250 260 270 280 290 300 310 320 330 350 360 370 380 390 400 410 420 430 200 300 310 320 330 340 350 360 370

Time [s]

Time [s]

Time [s]

Time [s]

75



Electrolyte: 20 mM NH4OAc, pH 9.4
Sample: Ovalbumin, BSA, IgG

Figure 5.17

Ovalbumin

BSA

Figure 5.16: Comparison of GEMMA results for Ovalbumin, BSA and 1gG respectively at pH 9.4 in CM

Voltage: 2.7 kV
Current: 300-400 nA

Sheath flow: 13.5 Ipm
Pressure: 0.8 psid

Concentration: 0.5 uM & 1 pM  CO,: 0.1 Ipm

Capillary: 25 umid Air: 0.6lpm

individual measurements
mode: CM, 1 s -5 s plug

Ap =0.8psid; ¢ = 0.5 uM

Ap=14psid,c=1puM
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Figure 5.17: Comparison of GEMMA results for Ovalbumin, BSA and 1gG respectively at pH 8.4 in CM

Electrolyte: 20 mM NH,OAc, pH 8.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm Concentration: 0.5 uM & 1 uM C0O,: 0.1 Ipm individual measurements

Sample: Ovalbumin, BSA, IgG Current: 300-400 nA  Pressure: 0.8 psid (A,C,E) Capillary: 25 umid Air: 0.6lpm mode: CM, 5 s plug
& 1.4 psid (B.D,F)
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In Figure 5.16 the plugs of Ovalbumin, BSA and IgG are visible in all cases, the
difference of time profile between BSA and Ovalbumin is small under every condition
(Ovalbumin results in 5.16A and 5.16C are not stable and were not considered). The
instability of results may be caused by the inaccurate pressure adjustment as already
mentioned in section 5.1.6. The procedure of measurements at lower psid levels was

optimized later, for Figure 5.16 the pressure was adjusted for every measurement.

IgG is detected about 20 seconds sooner than BSA under all conditions. The peak
width for both proteins is about 30 — 40 s at the basis. Considering results presented above,
the best separation of these analytes would take place at ¢ = 0.5 uM and a plug time 1 s. The
smaller amount of analyte fed to the capillary is responsible for the smaller width and height
of the peaks. Analytes could be separated from each other. On the other hand the signal noise
ratio is worse. Additionally, the 1 s plugs are also not reproducible because of the time needed
for changing of vials in the pressure chamber in just one second. Because of that 2 s plug were

preferred for the further experiments.

The smaller concentration of the sample did not change the quality of results
significantly. For further experiments, samples with ¢ = 1uM were preferred because of the

higher sample signal obtained at this concentration.

The reproducibility of the experiments as shown in Figure 5.17 increased significantly,
the experiments were done in one day without manipulation of the pressure between samples.
The pressure was kept constant even when the capillary was washed with ammonium acetate.
At 0.8 psid, ¢ = 0.5 uM, 5 s plug, the differences of migration times among analytes are

similar at both pH levels. Therefore, both pH levels are suitable for CM.

Results at increased pressure (1.4 psid, see Figures 5.17B, 5.17D, 5.17F) show that the
difference of time profiles of 1gG and BSA disappears under these conditions, the pressure in
nano ES has to be held at lower levels to enable the separation of analytes.

In the next step 19G (c = 1uM) and BSA (c = 1uM), pH 9.4 were mixed together and
the separation of these analytes was investigated (Figure 5.18). To detect both analytes, the

EM diameter range between 6 nm and 12 nm was scanned in a sequence of consecutive runs.
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Figure 5.18: Separation of BSA and IgG in CM, comparison of pressure and plug time,
A: 0.6 psid, 3 s plug time; B: 0.8 psid, 2 s plug time, C: 0.9 psid, 1 s plug time, D: 1 psid,

2 s plug time
Electrolyte: 20 mM NH4OAc, pH 9.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: BSA & 1gG Current: 300-400 nA Pressure: 0.6 psid - 1psid
Concentration: 1 uM CO,: 0.1 lpm individual measurements
Capillary: 25 um id Air: 1 Ipm mode: CM, 1 s—3 s plug

From Figure 5.18 it can be concluded that the separation of samples containing BSA
& IgG in CM was achieved. For almost all sequences, in one of the scans the IgG peak at 9
nm can be recognized (i.e. scan 19 in 5.18B), in the following scan BSA peak (~ 7 nm) can be
detected (i.e. scan 20 in 5.18B). The results at pressure 0.6 psid in pressure chamber (Figure
5.18A) show a very low signal. Spectra recorded with 1 s plug (Figure 5.18C) yielded
comparable results. Therefore, the CM measurements should be taken at least under 1 psid
pressure in pressure chamber and 2 s plug time (see Figure 5 in 3.1). The same conditions as
in results shown in Figure 5 in 3.1 were applied for the analysis of sample with pH 8.4 (see
Figure 5.19 for median of 6 CM runs). To sum up the separation of BSA and IgG in CM was
successful, 1 psid in the pressure chamber is necessary for sufficient signal of analytes, the

separation worked better at pH 9.4 than 8.4.
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Figure 5.19: GEMMA results for 1gG and BSA sample in CM at pH 8.4

Electrolyte: 20 mM NH,4OACc, pH 8.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: BSA & 1gG Current: 300-400 nA Pressure: 1 psid
Concentration: 1 uM CO,: 0.1 Ipm median of 6 measurements
Capillary: 25 umid Air: 1 Ipm mode: CM, 2 s plug

In Figure 5.19 the separation of BSA and IgG can be observed, IgG (EM diameter 9
nm) can be found in scans 15 and 16, BSA (EM diameter 7 nm) can be found in scans 16 and
17, however the separation at pH 9.4 went better, the 1gG can be basically found only in peak
15 and BSA only in scan 16.

In 5.1.8 the online desalting of protein samples in CM is demonstrated. This is the first
application of the new developed CM. The online desalting experiments were performed with
samples containing BSA (c = 1 uM), IgG (¢ = 1 uM) and NaCl (0.5 mM — 5 mM, the results
of 5 mM are shown in Figure 6 in 3.1). Measurements were done in NM as well as in CM.
The particle counts of CM scans were normalized to allow the comparison of spectra. NM
measurements were normalized as well. The results are depicted in Figures 5.20 — 5.21. The

corresponding blanks are depicted in Figures 5.22 — 5.25.
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Figure 5.20: Comparison of GEMMA spectra obtained for a BSA and IgG containing
sample with sodium chloride addition (0.5 mM) in NM and CM depicted in 2D (A) and

Electrolyte: 20 mM NH,OAc, pH 9.4
Sample: BSA, 1gG & NaCl

Concentration: BSA & IgG:

NaCl : 0.5 mM
Capillary: 25 pmid

1.24

1.04

M(EsAT*

0.8
0.61- -]
0.4

0.2

Relative particle counts

0.0

MgG)T”

1 uM;

—— Scan 13
—— Scan 14
—— Scan 15
Scan 16

== NM

6 7 8 9

T T
10 11

EM diameter [nm]

12

3D (B)

Voltage: 2.7 kV
Current: 300-400 nA
CO,: 0.1 1pm

Air: 1 lpm

Sheath flow: 13.5 Ipm
Pressure: 1 psid

median of 6 measurements

2 s plug (CM) as well NM (“NM”)

M@BSA)]"  [M(Ige)]*

Relative particle counts

6 7

8 9 10 11 12

EM diameter [nm]

Figure 5.21: Comparison of GEMMA spectra obtained for a BSA and IgG containing
sample with sodium chloride addition (2 mM) in NM and CM depicted in 2D (A) and 3D

Electrolyte: 20 mM NH4OAc, pH 9.4
Sample: BSA, 1gG & NaCl

Concentration: BSA & IgG:

NaCl : 2 mM
Capillary: 25 um id

1uM;

(B)

Voltage: 2.7 kV
Current: 300-400 nA
CO,: 0.1 lpm

Air: 1 Ipm

Sheath flow: 13.5 Ipm
Pressure: 1 psid

median of 6 measurements

2 s plug (CM) as well NM (“NM”)
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Figure 5.22: GEMMA spectra obtained for blanks corresponding to Figure 5.20 (sample
with sodium chloride 0.5 mM) in CM

Electrolyte: 20 mM NH,OAc, pH 9.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: NaCl Current: 300-400 nA Pressure: 1 psid
Concentration: NaCl : 0.5 mM CO,: 0.1 1pm median of 6 measurements
Capillary: 25 pmid Air: 1 1Ipm mode: CM, 2 s plug
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Figure 5.23: GEMMA spectra obtained for blanks corresponding to Figure 5.20 (sample
with sodium chloride 0.5 mM) in NM

Electrolyte: 20 mM NH,4OAc, pH 9.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: NaCl Current: 300-400 nA Pressure: 1 psid
Concentration: NaCl : 0.5 mM CO,: 0.1 lpm median of 6 measurements
Capillary: 25 um id Air: 1 Ipm mode: NM
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Figure 5.24: GEMMA spectra obtained for blanks corresponding to Figure 5.21 (sample
with sodium chloride 2 mM) in CM

Electrolyte: 20 mM NH,OAc, pH 9.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: NaCl Current: 300-400 nA Pressure: 1 psid
Concentration: NaCl : 2 mM CO,: 0.1 lpm median of 6 measurements
Capillary: 25 pmid Air: 1 1Ipm mode: CM, 2 s plug
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Figure 5.25: GEMMA spectra obtained for blanks corresponding to Figure 5.21 (sample
with sodium chloride 2 mM) in NM

Electrolyte: 20 mM NH4OAc, pH 9.4 Voltage: 2.7 kV Sheath flow: 13.5 Ipm
Sample: NaCl Current: 300-400 nA Pressure: 1 psid
Concentration: NaCl : 2 mM CO,: 0.1 lpm median of 6 measurements
Capillary: 25 um id Air: 1 Ipm mode: NM

From Figures 5.20 — 5.21 the online desalting of the samples can be observed. In NM
the EM diameter of BSA and 1gG significantly increases (in 2 mM NaCl BSA ~ 7.5 nm, 1gG
~ 9.5 nm) due to salt molecules attaching on the surface of protein molecules during drying of
droplets from ES process. With increasing salt concentration a concomitant increase in EM

diameters can be detected (see Figure 5.20 — 5.21).
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In CM the desalted BSA (EM diameter ~ 7 nm) and IgG (EM diameter ~ 9 nm) can be
detected, the analytes were also separated from each other, BSA and IgG are detected in
different scans of CM. Additionally, no interaction with insoluble salt molecules is observed.
In the blanks (see Figures 5.22 — 5.25) no peaks between 6 nm and 12 nm are detected

confirming the online desalting and separation of BSA and IgG.
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5.2 Amino acid sequences of analyzed proteins and protein
complexes

Amino acid sequence of m-Cherry vault unit (average molecular weight 123.6 kDa)

consisting of m-Cherry molecule (in red) and linker (in yellow) followed by MVP unit:

BSIEENIBEINE L M AGCGCPCGCGAMATEEAIIRIPPYHYIHVLDQNSNVSRVEVGPK
TYIRQDNERVLFAPVRMVTVPPRHYCIVANPVSRDTQSSVLFDITGQVRLRHADQEIR
LAQDPFPLYPGEVLEKDITPLQVVLPNTALHLKALLDFEDKNGDKVMAGDEWLFEGP
GTYIPQKEVEVVEIIQATVIKQNQALRLRARKECFDREGKGRVTGEEWLVRSVGAYL
PAVFEEVLDLVDAVILTEKTALHLRALQNFRDLRGVLHRTGEEWLVTVQDTEAHVP
DVYEEVLGVVPITTLGPRHYCVILDPMGPDGKNQLGQKRVVKGEKSFFLQPGERLER
GIQDVYVLSEQQGLLLKALQPLEEGESEEKVSHQAGDCWLIRGPLEYVPSAKVEVVE
ERQAIPLDQNEGIYVQDVKTGKVRAVIGSTYMLTQDEVLWEKELPSGVEELLNLGHD
PLADRGQKGTAKPLQPSAPRNKTRVVSYRVPHNAAVQVYDYRAKRARVVFGPELVT
LDPEEQFTVLSLSAGRPKRPHARRALCLLLGPDFFTDVITIETADHARLQLQLAYNWH
FELKNRNDPAEAAKLFSVPDFVGDACKAIASRVRGAVASVTFDDFHKNSARIIRMAV
FGFEMSEDTGPDGTLLPKARDQAVFPQNGLVVSSVDVQSVEPVDQRTRDALQRSVQ
LAIEITTNSQEAAAKHEAQRLEQEARGRLERQKILDQSEAEKARKELLELEAMSMAV
ESTGNAKAEAESRAEAARIEGEGSVLQAKLKAQALAIETEAELERVKKVREMELIYA
RAQLELEVSKAQQLANVEAKKFKEMTEALGPGTIRDLAVAGPEMQVKLLQSLGLKS
TLITDGSSPINLFSTAFGLLGLGSDGQPPAQK

Amino acid sequence of vsvg vault unit (average molecular weight 96.8 kDa) consisting of
vsvg tag (in blue) followed by MVP unit:

MAGCGCPCGCGAMATEEAIIRIPPYHYIHVLDQNSNVSRVEVGPKTYIRQDNERVLFA
PVRMVTVPPRHYCIVANPVSRDTQSSVLFDITGQVRLRHADQEIRLAQDPFPLYPGEV
LEKDITPLQVVLPNTALHLKALLDFEDKNGDKVMAGDEWLFEGPGTYIPQKEVEVVE
IHQATVIKQNQALRLRARKECFDREGKGRVTGEEWLVRSVGAYLPAVFEEVLDLVDA
VILTEKTALHLRALQNFRDLRGVLHRTGEEWLVTVQDTEAHVPDVYEEVLGVVPITT
LGPRHYCVILDPMGPDGKNQLGQKRVVKGEKSFFLQPGERLERGIQDVYVLSEQQGL
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LLKALQPLEEGESEEKVSHQAGDCWLIRGPLEYVPSAKVEVVEERQAIPLDQNEGIYV
QDVKTGKVRAVIGSTYMLTQDEVLWEKELPSGVEELLNLGHDPLADRGQKGTAKPL
QPSAPRNKTRVVSYRVPHNAAVQVYDYRAKRARVVFGPELVTLDPEEQFTVLSLSA
GRPKRPHARRALCLLLGPDFFTDVITIETADHARLQLQLAYNWHFELKNRNDPAEAA
KLFSVPDFVGDACKAIASRVRGAVASVTEDDFHKNSARIIRMAVFGFEMSEDTGPDG
TLLPKARDQAVFPQNGLVVSSVDVQSVEPVDQRTRDALQRSVQLAIEITTNSQEAAA
KHEAQRLEQEARGRLERQKILDQSEAEKARKELLELEAMSMAVESTGNAKAEAESR
AEAARIEGEGSVLQAKLKAQALAIETEAELERVKKVREMELIYARAQLELEVSKAQQ
LANVEAKKFKEMTEALGPGTIRDLAVAGPEMQVKLLQSLGLKSTLITDGSSPINLFST
AFGLLGLGSDGQPPAQK

Amino acid sequence of the human hemoglobin subunit alpha (average molecular weight 15.1
kDa):

VLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHFDLSHGSAQVK
GHGKKVADALTNAVAHVDDMPNALSALSDLHAHKLRVDPVNFKLLSHCLLVTLAA
HLPAEFTPAVHASLDKFLASVSTVLTSKYR

Amino acid sequence of the human hemoglobin subunit beta (average molecular weight 16.0
kDa):

MVHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAV
MGNPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVL
VCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH

Amino acid sequence of the N2N3 receptor (average molecular weight 38.8 kDa):

ADESLQDAIKNPAIIDKEHTADNWRPIDFQMKNDKGERQFYHYASTVEPATVIFTKTG
PIHELGLKTASTWKKFEVYEGDKKLPVELVSYDSDKDYAYIRFPVSNGTREVKIVSSIE
YGENIHEDYDYTLMVFAQPITNNPDDYVDEETYNLQKLLAPYHKAKTLERQVYELE
KLQEKLPEKYKAEYKKKLDQTRVELADQVKSAVTEFENVTPTNDQLTDLQEAHFVV
FESEENSESVMDGFVEHPFYTATLNGQKYVVMKTKDDSYWKDLIVEGKRVTTVSKD
PKNNSRTLIFPYIPDKAVYN AIVKVVVANIGYEGQYHVRIINQDINTKDD

Amino acid sequence of Mmm1-D5-Fusion Complex (average molecular weight 31.2 kDa):
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MGKQHYELNEEAENEHLQELALILEKTYYNVDVHPAESLDWFNVLVAQIIQQFRSEA
WHRDNILHSLNDFIGRKSPDLPEYLDTIKITELDTGDDFPIFSNCRIQYSPNSGNKKLEA
KIDIDLNDHLTLGVETKLLLNYPKPGIAALPINLVVSIVRFQACLTVSLTNAEEFASTSN
GSSSENGMEGNSGYFLMFSFSPEYRMEFEIKSLIGSRSKLENIPKIGSVIEY QIKKWFVE
RCVEPRFQFVRLPSMWPRSKNTREEKPTELLVPR

Amino acid sequence of TriC subunit alpha (average molecular weight 60.3 kDa):

MEGPLSVFGDRSTGETIRSQNVMAAASIANIVKSSLGPVGLDKMLVDDIGDVTITNDG
ATILKLLEVEHPAAKVLCELADLQDKEVGDGTTSVVIIAAELLKNADELVKQKIHPTS
VISGYRLACKEAVRYINENLIVNTDELGRDCLINAAKTSMSSKIIGINGDFFANMVVD
AVLAIKYTDIRGQPRYPVNSVNILKAHGRSQMESMLISGYALNCVVGSQGMPKRIVN
AKIACLDFSLQKTKMKLGVQVVITDPEKLDQIRQRESDITKERIQKILATGANVILTTG
GIDDMCLKYFVEAGAMAVRRVLKRDLKRIAKASGATILSTLANLEGEETFEAAMLG
QAEEVVQERICDDELILIKNTKARTSASIILRGANDFMCDEMERSLHDALCVVKRVLE
SKSVVPGGGAVEAALSIYLENYATSMGSREQLAIAEFARSLLVIPNTLAVNAAQDSTD
LVAKLRAFHNEAQVNPERKNLKWIGLDLSNGKPRDNKQAGVFEPTIVKVKSLKFATE
AAITILRIDDLIKLHPESKDDKHGSYEDAVHSGALND

Amino acid sequence of TriC subunit beta (average molecular weight 57.5 kDa):

MASLSLAPVNIFKAGADEERAETARLTSFIGAIAIGDLVKSTLGPKGMDKILLSSGRDA
SLMVTNDGATILKNIGVDNPAAKVLVDMSRVQDDEVGDGTTSVTVLAAELLREAES
LIAKKIHPQTIHAGWREATKAAREALLSSAVDHGSDEVKFRQDLMNIAGTTLSSKLLT
HHKDHFTKLAVEAVLRLKGSGNLEAIHIIKKLGGSLADSY LDEGFLLDKKIGVNQPKR
IENAKILIANTGMDTDKIKIFGSRVRVDSTAKVAEIEHAEKEKMKEKVERILKHGINCF
INRQLIYNYPEQLFGAAGVMAIEHADFAGVERLALVTGGEIASTFDHPELVKLGSCKL
IEEVMIGEDKLIHFSGVALGEACTIVLRGATQQILDEAERSLHDALCVLAQTVKDSRT
VYGGGCSEMLMAHAVTQLANRTPGKEAVAMESYAKALRMLPTIIADNAGYDSADL
VAQLRAAHSEGNTTAGLDMREGTIGDMAILGITESFQVKRQVLLSAAEAAEVILRVD
NIIKAAPRKRVPDHHPC

Amino acid sequence of TriC subunit gamma (average molecular weight 60.5 kDa):

MMGHRPVLVLSQNTKRESGRKVQSGNINAAKTIADIIRTCLGPKSMMKMLLDPMGGI
VMTNDGNAILREIQVQHPAAKSMIEISRTQDEEVGDGTTSVIILAGEMLSVAEHFLEQ
QMHPTVVISAYRKALDDMISTLKKISIPVDISDSDMMLNIINSSITTKAISRWSSLACNI
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ALDAVKMVQFEENGRKEIDIKKYARVEKIPGGIIEDSCVLRGVMINKDVTHPRMRRY |
KNPRIVLLDSSLEYKKGESQTDIEITREEDFTRILQMEEEYIQQLCEDIIQLKPDVVITEK
GISDLAQHYLMRANITAIRRVRKTDNNRIARACGARIVSRPEELREDDVGTGAGLLEI

KKIGDEYFTFITDCKDPKACTILLRGASKEILSEVERNLQDAMQVCRNVLLDPQLVPG
GGASEMAVAHALTEKSKAMTGVEQWPYRAVAQALEVIPRTLIQNCGASTIRLLTSLR
AKHTQENCETWGVNGETGTLVDMKELGIWEPLAVKLQTYKTAVETAVLLLRIDDIV

SGHKKKGDDQSRQGGAPDAGQE

Disulfide bond 366 « 372
Amino acid sequence of TriC subunit delta (average molecular weight 57.9 kDa):

MPENVAPRSGATAGAAGGRGKGAYQDRDKPAQIRFSNISAAKAVADAIRTSLGPKG
MDKMIQDGKGDVTITNDGATILKQMQVLHPAARMLVELSKAQDIEAGDGTTSVVIIA
GSLLDSCTKLLQKGIHPTIHSESFQKALEKGIEILTDMSRPVELSDRETLLNSATTSLNSK
VVSQYSSLLSPMSVNAVMKVIDPATATSVDLRDIKIVKKLGGTIDDCELVEGLVLTQK
VSNSGITRVEKAKIGLIQFCLSAPKTDMDNQIVVSDYAQMDRVLREERAYILNLVKQI
KKTGCNVLLIQKSILRDALSDLALHFLNKMKIMVIKDIEREDIEFICKTIGTKPVAHIDQ
FTADMLGSAELAEEVNLNGSGKLLKITGCASPGKTVTIVVRGSNKLVIEEAERSIHDA
LCVIRCLVKKRALIAGGGAPEIELALRLTEYSRTLSGMESYCVRAFADAMEVIPSTLA
ENAGLNPISTVTELRNRHAQGEKTAGINVRKGGISNILEELVVQPLLVSVSALTLATET
VRSILKIDDVVNTR

Amino acid sequence of TriC subunit epsilon (average molecular weight 59.7 kDa):

MASMGTLAFDEYGRPFLIIKDQDRKSRLMGLEALKSHIMAAKAVANTMRTSLGPNG
LDKMMVDKDGDVTVTNDGATILSMMDVDHQIAKLMVELSKSQDDEIGDGTTGVVV
LAGALLEEAEQLLDRGIHPIRIADGYEQAARVAIEHLDKISDSVLVDIKDTEPLIQTAK
TTLGSKVVNSCHRQMAEIAVNAVLTVADMERRDVDFELIKVEGKVGGRLEDTKLIK
GVIVDKDFSHPQMPKKVEDAKIAILTCPFEPPKPKTKHKLDVTSVEDYKALQKYEKE
KFEEMIQQIKETGANLAICQWGFDDEANHLLLQNNLPAVRWVGGPEIELIAIATGGRI
VPRFSELTAEKLGFAGLVQEISFGTTKDKMLVIEQCKNSRAVTIFIRGGNKMIIEEAKR
SLHDALCVIRNLIRDNRVVYGGGAAEISCALAVSQEADKCPTLEQYAMRAFADALEV
IPMALSENSGMNPIQTMTEVRARQVKEMNPALGIDCLHKGTNDMKQQHVIETLIGKK
QQISLATQMVRMILKIDDIRKPGESEE

Amino acid sequence of TriC subunit zeta (average molecular weight 44.7 kDa):
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MAAVKTLNPKAEVARAQAALAVNISAARGLQDVLRTNLGPKGTMKMLVSGAGDIK
LTKDGNVLLHEMQIQHPTASLIAKVATAQDDITGDGTTSNVLIIGELLKQADLYISEGL
HPRIITEGFEAAKEKALQFLEEVKVSREMDRETLIDVARTSLRTKVHAELADVLTEAV
VDSILAIKKQDEPIDLFMIEIMEMKHKSETDTSLIRGLVLDHGARHPDMKKRVEDAY |
LTCNVSLEYEKTEVNSGFFYKSAEEREKLVKAERKFIEDRVKKIIELKRKVCGDSDKG
FVVINQKGIDPFSLDALSKEGIVALRRAKRRNMERLTLACGGVALNSFDDLSPDCLGH
AGLVYEYTLGEEKFTFIEKCNNPRSVTLLIKGPNKHTLTQIKDAVRDGLRAVKNAIDD
GCVVPGAGAVEVAMAEALIKHKPSVKGRAQLGVQAFADALLIIPKVLAQNSGFDLQ
ETLVKIQAEHSESGQLVGVDLNTGEPMVAAEVGVWDNYCVKKQLLHSCTVIATNIL
LVDEIMRAGMSSLKG

Amino acid sequence of TriC subunit eta (average molecular weight 59.4 kDa):

MMPTPVILLKEGTDSSQGIPQLVSNISACQVIAEAVRTTLGPRGMDKLIVDGRGKATIS
NDGATILKLLDVVHPAAKTLVDIAKSQDAEVGDGTTSVTLLAAEFLKQVKPYVEEGL
HPQIIIRAFRTATQLAVNKIKEIAVTVKKADKVEQRKLLEKCAMTALSSKLISQQKAFF
AKMVVDAVMMLDDLLQLKMIGIKKVQGGALEDSQLVAGVAFKKTFSYAGFEMQPK
KYHNPKIALLNVELELKAEKDNAEIRVHTVEDYQAIVDAEWNILYDKLEKIHHSGAK
VVLSKLPIGDVATQYFADRDMFCAGRVPEEDLKRTMMACGGSIQTSVNALSADVLG
RCQVFEETQIGGERYNFFTGCPKAKTCTFILRGGAEQFMEETERSLHDAIMIVRRAIKN
DSVVAGGGAIEMELSKYLRDYSRTIPGKQQLLIGAYAKALEIIPRQLCDNAGFDATNI
LNKLRARHAQGGTWYGVDINNEDIADNFEAFVWEPAMVRINALTAASEAACLIVSV
DETIKNPRSTVDAPTAAGRGRGRGRPH

Amino acid sequence of TriC subunit theta (average molecular weight 59.6 kDa):

MALHVPKAPGFAQMLKEGAKHFSGLEEAVYRNIQACKELAQTTRTAYGPNGMNKM
VINHLEKLFVTNDAATILRELEVQHPAAKMIVMASHMQEQEVGDGTNFVLVFAGAL
LELAEELLRIGLSVSEVIEGYEIACRKAHEILPNLVCCSAKNLRDIDEVSSLLRTSIMSK
QYGNEVFLAKLIAQACVSIFPDSGHFNVDNIRVCKILGSGISSSSVLHGMVFKKETEGD
VTSVKDAKIAVYSCPFDGMITETKGTVLIKTAEELMNFSKGEENLMDAQVKAIADTG
ANVVVTGGKVADMALHYANKYNIMLVRLNSKWDLRRLCKTVGATALPRLTPPVLE
EMGHCDSVYLSEVGDTQVVVFKHEKEDGAISTIVLRGSTDNLMDDIERAVDDGVNT
FKVLTRDKRLVPGGGATEIELAKQITSYGETCPGLEQYAIKKFAEAFEAIPRALAENSG
VKANEVISKLYAVHQEGNKNVGLDIEAEVPAVKDMLEAGILDTYLGKYWAIKLATN
AAVTVLRVDQIIMAKPAGGPKPPSGKKDWDDDQND
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Average molecular weight of TriC complex 919.2 kDa
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