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Abstract

The binding of polyhistidine tags (His-tags) in proteins to Ni**-NTA complexes is widely
used in proteins purification, biofunctionalization of surfaces and protein modification. The
small size of the tag, the mild conditions of the interaction (neutral pH and in the presence of
salts) as well as reversibility in the presence of chelators and lowered pH allow preserving
protein activity. In this thesis, these advantageous properties of the interaction between His-
tags and Ni**-NTA complexes were used to produce multiresponsive minimal synthetic cells,
precise protein micropatterns and stoichiometrically well-defined streptavidin-biotin
conjugates.

Minimal synthetic cells are cell-like compartments, which have been assembled from
molecular building blocks and mimic certain functions of living cells. In chapter 2, a minimal
synthetic cell which combines a multistimuli sensitive adhesion unit with an energy
conversion module is developed, such that it can adhere to places that have the right
environmental parameters for its ATP production. The multistimuli sensitive adhesion unit
can sense environmental stimuli including light, pH, oxidative stress and the presence of
metal ions and can regulate the adhesion of the synthetic cell to a substrate in response to
these stimuli following a chemically coded logic. The adhesion unit is composed of the light
and redox responsive protein interaction of iLID and Nano as well as the pH sensitive and
metal ion mediated binding of protein His-tags to Ni**-NTA complexes. The multistimuli
responsive adhesion unit allows synthetic cells to self-position themselves in places under
blue light illumination and no oxidative stress, with neutral pH and the presence of metal ions
and carry out their light to ATP conversion function. Introducing such multiresponsive self-
positioning module to synthetic cell is an important step towards their autonomy and
transferable to other types synthetic cells.

The precise micropatterns provide structural and functional advantages in vast technological
applications as well as fundamental research. In chapter 3, | developed a method of surface
patterning proteins and cells with high spatiotemporal control using green light. A layer-by-
layer (LbL) protein film with a green light cleavable protein, CarH, in the first layer is
produced based on Ni**-NTA-His-tag interaction. This enables the remote release of proteins
in the upper layers by exposing the film to green light with 1 pm spatial and 10 s temporal
resolution. The use of green light and the specific protein interactions overcome the current
limitations of UV-light and unspecific protein immobilization, which can lead to protein
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denaturation. Green light lithography is successfully used to produce complex patterns of
different functional His-tagged proteins including fluorescent proteins as well as the cell

adhesion protein fibronectin.

In chapter 4, as a further step, two approaches for regulating cell adhesions in space and time
with high precision have been developed based on the photocleavable CarH and the cell
adhesion peptide, RGD. In the first design, which is call GREEN-ON, a protein layer of CarH
was used to mask RGD, which is exposed upon green light illumination. In the second design,
GREEN-OFF, the RGD sequence was integrated into the CarH protein and the protein CarH-
RGD was used in the research of cell adhesion. Both designs allow for photoregulation and
open new possibilities to investigate the dynamical regulation of cell adhesions.

Streptavidin-biotin conjugates with precise stoichiometries are powerful for the study of
molecular biology, drug delivery and biotechnology. In chapter 5, | developed an approach to
form monofunctional streptavidin conjugates with precise stoichiometries and number of
open binding pockets. This method relies on an iminobiotin-polyhistidine tag, which allows
separating streptavidin conjugates with different numbers of tags on a Ni**-NTA column, and
later reopening binding pockets at lowered pH to introduce a second functionality. Pure
fluorescently labelled mono-, di- and trivalent streptavidin-biotin conjugates prepared in this
way were used for imaging biotinylated cell surface molecules with controlled clustering.
Moreover, these conjugates were functionalized with a second biotinylated molecule, folic

acid-biotin, to investigate the importance of multivalent binding in targeted delivery of cells.

Building on this chemistry, | prepared stoichiometrically precise tetrafunctional streptavidin
conjugates in chapter 6. An exemplary streptavidin conjugate with exactly one fluorescent
label, one cell targeting group, one cell penetrating peptide and one drug demonstrates how
each functionality contributed to overall efficacy of the drug. Such precise tetrafunctional
streptavidin conjugates opens the door for combinatorial multifunctional libraries based on

the well-established biotin-streptavidin interaction.

In summary, the interaction between Ni**-NTA and His-tagged proteins is a reliable
chemistry, which can be applied in many contexts as shown here in the design of stimuli-
responsive synthetic cells, precise protein micropatterns and streptavidin-biotin conjugates.
Our work provides a potential approach for the study of chemical biology, synthetic biology
and cell biology.



Zusammenfassung

Die Bindung von Polyhistidin-Tags (His-Tags) in Proteinen an Ni**-NTA-Komplexe wird
hafig bei der Proteinreinigung, Biofunktionalisierung von Oberfl&chen und
Proteinmodifikation eingesetzt. Die geringe Grd% des Tags, die milden Bedingungen der
Wechselwirkung (neutraler pH-Wert und in Gegenwart von Salzen) sowie die Reversibilita
in Gegenwart von Chelatoren und der verringerte pH-Wert ermcylichen die Erhaltung der
Proteinaktivitd. In dieser Arbeit wurden diese vorteilhaften Eigenschaften der
Wechselwirkung  zwischen His-Tags und Ni?*-NTA-Komplexen verwendet, um
multiresponsive  minimale synthetische  Zellen, pré&ise Proteinmikromuster und

st&hiometrisch gut definierte Streptavidin-Biotin-Konjugate herzustellen

Minimale synthetische Zellen sind zellghnliche Kompartimente, die aus molekularen
Bausteinen zusammengesetzt werden und bestimmte Funktionen lebender Zellen nachahmen.
In Kapitel 2 wird eine minimale synthetische Zelle entwickelt, die eine multistimuli-
empfindliche Adh&ionseinheit mit einem Energieumwandlungsmodul kombiniert, so dass
sie an Orten haften kann, die die richtigen Umgebungsparameter fUr ihre ATP-Produktion
aufweisen. Die multistimuli-empfindliche Adh&ionseinheit kann Umweltreize wie Licht,
pH-Wert, oxidativen Stress und das Vorhandensein von Metallionen erfassen und die
Adh&ion der synthetischen Zelle an ein Substrat als Reaktion auf diese Reize nach einer
chemisch codierten Logik regulieren. Die Adh&ionseinheit besteht aus der auf Licht und
Redox-reagierenden Proteinwechselwirkung von iLID und Nano sowie der pH-sensitiven und
Metallionen-vermittelten Bindung von Protein-His-Tags an Ni**-NTA-Komplexe. Die auf
Multistimuli ansprechende Adhé&ionseinheit ermdylicht es synthetischen Zellen, sich an
Orten unter Blaulichtbeleuchtung und ohne oxidativen Stress mit neutralem pH-Wert und
Vorhandensein von Metallionen selbst zu positionieren und ihre Licht-ATP-
Umwandlungsfunktion auszufthren. Die Einfthrung eines solchen multiresponsiven
Selbstpositionierungsmoduls in synthetische Zellen ist ein wichtiger Schritt in Richtung ihrer

Autonomie und auf andere Arten synthetischer Zellen (bertragbar.

Die pr&isen Mikromuster bieten strukturelle und funktionelle Vorteile in grof®n
technologischen Anwendungen sowie in der Grundlagenforschung. In Kapitel 3 entwickelte
ich eine Methode zur Oberfl&henstrukturierung von Proteinen und Zellen mit hoher
ré&mlich-zeitlicher Kontrolle unter Verwendung von grtnem Licht. Ein Schicht-fir-Schicht
(LbL)-Proteinfilm mit einem durch grines Licht spaltbaren Protein, CarH, in der ersten
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Schicht wird basierend auf der Ni?*-NTA-His-Tag-Wechselwirkung hergestellt. Dies
ermcylicht die Fernfreisetzung von Proteinen in den oberen Schichten, indem der Film
grtnem Licht mit einer r&mlichen Aufl&Gung von 1 pm und einer zeitlichen AuflGung von
10 s ausgesetzt wird. Die Verwendung von grtnem Licht und die spezifischen
Proteinwechselwirkungen (berwinden die derzeitigen Einschrékungen von UV-Licht und
unspezifischer Proteinimmobilisierung, die zur Denaturierung von Proteinen fthren k&inen.
Die Grinlichtlithographie wird erfolgreich verwendet, um komplexe Muster verschiedener

funktioneller His-markierter Proteine zu erzeugen.

In Kapitel 4 wurden als weiterer Schritt zwei Ansdze zur hochpr&isen Regulierung von
Zelladh&ionen in Raum und Zeit entwickelt, die auf dem photospaltbaren CarH und dem
Zelladh&ionspeptid RGD basieren. In dem ersten Design, das als GREEN-ON bezeichnet
wird, wurde eine Proteinschicht aus CarH verwendet, um RGD zu maskieren, die bei
Beleuchtung mit grinem Licht belichtet wird. Im zweiten Design, GREEN-OFF, wurde die
RGD-Sequenz in das CarH integriert und das Protein CarH-RGD wurde zur Erforschung der
Zelladh&ion verwendet. Beide Designs ermcglichen eine Photoregulation und ercffnen neue

Mdglichkeiten zur Untersuchung der dynamischen Regulation von Zelladh&ionen.

Streptavidin-Biotin-Konjugate mit pré&isen St&chiometrien eignen sich hervorragend fir das
Studium der Molekularbiologie, Arzneimittelabgabe und Biotechnologie. In Kapitel 5
entwickelte ich einen Ansatz zur Bildung monofunktioneller Streptavidin-Konjugate mit
pré&isen St&chiometrien und der Anzahl offener Bindungstaschen. Dieses Verfahren beruht
auf einer Iminobiotin-Polyhistidin-Markierung, die es erm&glicht, Streptavidin-Konjugate mit
unterschiedlicher Anzahl von Markierungen auf einer Ni?*-NTA-Saule abzutrennen und
spder Bindungstaschen bei gesenktem pH wieder zu &fnen, um eine zweite Funktionalit&
einzufthren. Reine fluoreszenzmarkierte mono-, di- und dreiwertige Streptavidin-Biotin-
Konjugate, die auf diese Weise hergestellt wurden, wurden zur Abbildung biotinylierter
Zelloberfl&chenmolekde mit kontrollierter Clusterbildung verwendet. Dartber hinaus
wurden diese Konjugate mit einem zweiten biotinylierten Molekd, Fols&ire-Biotin,
funktionalisiert, um die Bedeutung der multivalenten Bindung fir die gezielte Abgabe von

Zellen zu untersuchen.

Aufbauend auf dieser Chemie habe ich in Kapitel 6 stGhiometrisch préise tetrafunktionelle
Streptavidin-Konjugate hergestellt. Ein beispielhaftes Streptavidin-Konjugat mit genau einer
fluoreszierenden Markierung, einer Zellzielgruppe, einem zellpenetrierenden Peptid und
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einem Arzneimittel zeigt, wie jede Funktionalitél zur Gesamtwirksamkeit des Arzneimittels
beitrug. Solche pré&isen tetrafunktionellen Streptavidin-Konjugate dffnen die TU fir
kombinatorische multifunktionale Bibliotheken, die auf der gut etablierten Biotin-
Streptavidin-Wechselwirkung basieren.

Zusammenfassend |&st sich sagen, dass die Wechselwirkung zwischen Ni**-NTA und His-
markierten Proteinen eine zuverl&sige Chemie, die in vielen Zusammenh&ngen angewendet
werden kann, wie hier beim Design von auf Reize ansprechenden synthetischen Zellen,
pr&isen Proteinmikromustern und Streptavidin-Biotin-Konjugaten gezeigt wird. Unsere
Arbeit bietet einen mdglichen Ansatz fU das Studium der chemischen Biologie,
synthetischen Biologie und Zellbiologie.



Chapter 1. Introduction

1.1 Synthetic cells

The rapidly growing molecular understanding of cell biology, is enabled by in vitro studies
with reduced complexity. Yet, their translation to in vivo scenario is not always granted. On
the other hand, the inherent complexity of cells bares an immense challenge for
understanding cells in their entirety in vitro. Even in the simplest living cells, many life
processes are still difficult to study due to their inherent complexity and the ambiguity gained
over the course of evolution.’® Therefore, the term minimal synthetic cell is proposed to
create a well-defined and controlled minimal functioning unit that can perform one or many

functions of biological cells."*

Synthetic cells are usually bound by biomimetic or polymeric membranes, which enclose
active materials such as genes, vaccines, hormones, proteins, drugs and peptides.’ They are
similar in size to natural cells, which can be a few to a couple hundred micrometers and based

on liposomes,®® polymersomes,®*! 12-13

microcapsules, and a number of other particles.
Through modular synthesis from well characterized functional molecular entities, parts, and
modules, those synthetic cells can be used to mimic some life processes, like energy supply,
metabolism, cell growth, replication and division, signaling and motility, which are very
important for the proliferation of living cells.* The ultimate goal is to construct a basic living
unit, which is as powerful as living cells, entirely from non-living components. In the coming
sections, two important cellular functions that are of relevance to the thesis; stimuli

responsiveness and energy conversion will be considered.
1.1.1 Stimuli responsive synthetic cells

Living cells have the ability to sense different environmental signals, which allows them to
react and position themselves accordingly in order to support their survival. Introducing
analogous capabilities to the synthetic cells is an important step forward in their autonomy.

1516 hH 121 metal ions

Thus, in minimal synthetic cells different triggers such as temperature,
(e.g. Mg” 2% Mn* * and Ca®*®), redox potential,®®? chemicals (e.g. oleic anhydride,?
theophylline,® clay montmorillonite®) and light**** have been used to regulate their
functions. For instance, a temperature responsive bio-orthogonally proteinosome membrane
has been assembled by using bovine serum albumin (BSA) and poly(N-isopropylacrylamide-

co-methacrylic acid) (PNIPAM-co-MAA). The adhesion of these densely packed
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proteinosomes under different environment produces membrane-caged or uncaged
prototissue spheroids that are typically 40-100 um in size and consist of 10-30 semipermeable
protein-polymer microcapsules. The prototissue spheroids are capable of housing
proteinosome-encapsulated enzyme cascade reactions, and show enhanced volume
contractions compared with caged assemblies of unbound non-bio-orthogonal proteinosomes
or individual proteinosomes when heated above 35 °C.** Another example is a pH controlled
dynamically protein-ligand interactions in giant unilamellar vesicle (GUV). GUVs are used
as a cell mimicking platform where the semipermeable nature of the lipid membrane allows
small molecules to passively diffuse into the vesicle lumen and trigger a response inside. An
alcohol dehydrogenase was employed to increase or decrease the interior pH upon conversion
of two different small-molecule substrates, thereby modulating the pH-sensitive interaction
between a Ni-NTA ligand on the vesicle membrane and an oligohistidine-tagged protein in
the lumen. Through enzymatic conversion of the small molecule, a pH change can be
induced that allows for the selectively triggered assembly and disassembly of a protein-ligand
complex.? These designs open the door for a “smart” synthetic cell, while they represent
systems that only respond to one parameter in their environment, the challenge remains to
construct more “smart” synthetic cells which can sense and integrate multiple signals to

perform their function, analogous to natural cells.
1.1.2 ATP production in minimal synthetic cells

ATP (adenosine triphosphate), which is usually synthesized in the cytosol, mitochondria or
chloroplasts of living cells, is the most commonly used energy currency of cells for all
organisms.’® ATP is synthesized by ATP synthase using ADP (adenosine diphosphate) and P;
(inorganic phosphate) under a proton gradient across a membrane. ATP synthase is a rotary
motor protein which contains a membrane spanning domain (F, subunit) and a knobby
protrusion that extends into the matrix (F; subunit).®** The F, subunit functions to conduct
protons through the membrane by a rotational mechanism of the intramembrane subunits
(rotor), resulting in a torque which is transmitted to the catalytic sites by the rotor stalk. The
F1 subunit is responsible for the catalytic activity driving the synthesis and hydrolysis of ATP
using mechanical energy. Coupling activity between the F, and F; complexes drives proton
movement toward the F; side of the membrane, resulting in the ATP synthesis.™

As a key feature of life, the synthesis of ATP has been implemented into minimal synthetic
cells.®3% 373 For instance, the synthesis of ATP can be controlled by chemicals. Otrin and
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coworkers showed that the synthesis of ATP can be performed on a hybrid containers which
were prepared with natural lipid soy phosphatidylcholine (soy PC) and graft copolymer
PDMS-g-PEO (poly(dimethylsiloxane)-graft-poly(ethylene oxide)) in various polymer to
lipid ratios. In these compartments, the bos oxidase, a chemical energy-driven proton pump
was used to establish a proton gradient and F,F1-ATP synthase used this gradient into ATP.*
In another examples the synthesis of ATP was driven by light. Feng and coworkers imitate
the light-to-ATP conversion process occurring in the thylakoid membrane by construction of
FoF1-ATPase proteoliposome-coated PSII (Photosystem I, light activation protein)-based
microspheres with well-defined core/shell structures using molecular assembly. Under light
illumination, PSII can split water into protons, oxygen, and electrons and can generate a
proton gradient for the ATP synthase to produce ATP. Thus, in this reductionist setup an
artificial equivalent of chloroplast for PSII-driven ATP synthesis was realized.® Similarly,
also the light-driven transmembrane proton pump, bacteriorhodopsin (bR), can be
reconstituted in a triblock copolymer PEtOz-PDMS-PEtOz (poly(2-ethyl-2-oxazoline)-b-
poly(dimethylsiloxane)-b-poly(2-ethyl-2-oxazoline)) membrane together with FoF;-ATP
synthase. In the compartment, the functionality of ATP production is driven by the light-
induced build-up of a proton motive force across the membrane.’® Furthermore, Lee and
coworkers designed a switchable, light-harvesting organelle that provides both a sustainable
energy source and a means of directing intravesicular reactions. Two photoconverters, PSII
and proteorhodopsin (PR), were reconstituted in an organelle with ATP synthase to enable
the ATP synthesis. Inside the two photoconverters, blue and red light activates electron
transport chains in the PSII reaction center, whereas mainly green light initiates direct proton
pumping in PR. Moreover, PR exhibits pH-dependent bidirectional proton-pumping
ability. At a higher pH, both PR and PSII work in conjunction to increase the proton motive
force (PMF), but at lower pH, PR changes its pumping direction, counteracting the action of
PSII. Thus, ATP synthesis can be dynamically facilitated or impeded by stimulation of PSII
and PR with red or green light, respectively. They then encapsulated the photosynthetic
organelles in a giant vesicle to form a protocellular system and demonstrated optical control
of two ATP-dependent reactions, carbon fixation and actin polymerization, with the latter

altering outer vesicle morphology (Figure 1.1).%?
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Figure 1.1 a) Artificial organelle is prepared by the constitution of PSII (photosystem 11), PR (proteorhodopsin)
and ATP synthase. Upon optical stimulation, the artificial organelle synthesizes ATP by the coordinated
activation of two complementary photoconverters (PSIl and PR) and an ATP synthase reconstituted into the
organelle’'s membrane. b) Activation of PSII with red light facilitates ATP synthesis by generating protons inside
the organelle, while activation of PR with green light impedes ATP synthesis by depleting protons. c) After
organelle energy modules are encapsulated in a giant vesicle, optical stimulation couples ATP synthesis with
ATP-dependent actin polymerization and morphological change of the vesicle. Adapted with permission from

reference.® Copyright 2018 Springer Nature.
1.2 Protein films

Functionalizing surfaces with protein become more and more important in the fundamental
research field of biology, chemistry, material and biotechnological applications including
biosensor chips,*! enzyme reactors,*? protein microarrays,* diagnostics** and biomedicine.*
The biofunctionalized surface provides people a scaffold to study the functions of proteins
under different environments, and for a further step, some biological process in vivo through
an in vitro methodology. For example, in the field of cell biology, the interaction between
cells and the extracellular matrix (ECM) is crucial for the regulation of cellular processes
such as migration,”® adhesion,*’ proliferation,* differentiation,"” and apoptosis.”® Cell
adhesion proteins, such as fibronectin, vitronectin, collagen, and laminin®® can be
functionalized on a substrate, form protein films on the surface. Cells can be immobilized on
the protein film without any damage and protein film, in reverse, influences and modulates
cellular behavior. Ricken and coworkers integrated cell adhesion peptide RGD (arginine,
glycine, aspartic acid) into the light responsive domain so that the RGD sequence is hidden in
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the folded protein in the dark. Upon noninvasive light illumination, RGD is exposed for
integrin binding resulting in cell adhesion and spreading.”* This design allows one to

reversibly and noninvasively control integrin-mediated cell adhesion.
1.2.1 Layer by layer protein films

The layer-by-layer (LbL) assembly is a prevalent method for coating substrates with
functional thin films, which was initially developed by the group of Moehwald, Lvov and
Decher.®** Since, many LbL assembly methods have been introduced using hydrogen bonds,
electrostatic interactions, sol-gel processes, step-by-step reactions, molecular recognition,
stepwise stereocomplex assembly, charge-transfer, and electrochemistry to combine layers
with complementary reactivities.”>* These methods allow for the introduction of a large
variety of building blocks and functionalities into multilayer thin films with great facility. For
example, electrostatic interactions, which are one of the main driving forces for LbL
assembly, require merely the building blocks to be water-soluble and multi-charged species
of opposite sign, such as proteins, enzymes, polyelectrolytes, oligo-charged organic
compounds and colloid particles.®® The process of the multilayer formation is in many cases
simply based on electrostatic attraction and an exact positional matching of the charged
groups are not required. Thus, more than one building block can be incorporated into the
multilayers, and if necessary, different building blocks can be incorporated in a designed
layer sequence. The electrostatic LbL assembly is usually performed in aqueous solution,
such that they are conveniently fabricated an automated fashion by using a LbL deposition

machines.

The powerful LbL surface coating technique has emerged in lots of applications including

60-61

protein purification,> ultrastrong materials,”®  biomedicine,®® drug delivery, tissue

62-63 64-67 6869 and customizable microreactors.”® LbL

engineering, cell seeding, wound healing
films can be used for regulating cell-material interactions since cells are extremely sensitive
to the spatial organization of the biochemical and mechanical cues of their
microenvironment.”*"? Taking advantage of the spatial control provided by the LbL films,
cell-cell and cell-material interactions can be optimized towards biomedical applications such
as tissue engineering, biosensors, and diagnostic devices.® For example, Akashi and
coworkers’ developed a LbL coating to prepare tissue like films. In this study, first a
monolayer of fibroblasts was seeded on a fibronectin-functionalized cover glass, followed by

the adsorption of seven fibronectin and gelatin bilayers. The preparation of this multilayer
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provided an interface similar to the natural extracellular matrix to seed a second layer of cells.
Following this pattern, they were able to construct four cell layers intercalated by fibronectin-
gelatin bilayers with controlled thickness. Furthermore, the fibroblasts could be intercalated
with umbilical vascular endothelial cells to evaluate their stability and function.” These
results demonstrated that the LbL structure was enough to provide a protective and
biomimetic environment for the cells and the great flexibility that assembling LbL films with

functional proteins provides.

Multilayer assemblies of functional proteins are attractive due to the nanoscale organization
of different proteins also found in natural systems and the versatile architectures to create
chemical responsive biointerfaces or even biomimetic signal transfer systems. For instance,
Pallarola and co-workers assemblies multiprotein LbL structure to build up a
chemoresponsive bioelectrochemical interface based on multivalent supramolecular
carbohydrate-lectin interactions between horseradish peroxidase (HRP), glucose oxidase
(GOx) and concanavalin A (Con A) derivatives (Figure 1.2).”® In this multiprotein film, the
precise layering of the different proteins resulted in the effective transfer of electrons and
substrates leading to the detection of glucose as an electronic signal. Likewise, enzyme-
responsive LbL films have been designed and opens an avenue for developing biosensing and

drug delivery systems.>® "¢
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Figure 1.2 lllustrative schematic of the glucose-responsive LbL-grown film spontaneously assembled via
molecular recognition processes. The figure describes the constituting building blocks participating in the
generation of the bioelectronic signal in the presence of glucose: redox-active Con A, HRP, Con A and Gox.
Adapted with permission from reference.”® Copyright 2012 The Royal Society of Chemistry.
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1.2.2 Patterning surfaces with proteins

The patterning of surfaces with functional proteins is of relevance for many disciplines in
fundamental research such as in neuronal guidance, membrane protein function, biological
recognition and for technological purposes such as sensor development, photonics, organic
electronics, medical applications and many more.”® Especially, the patterning of cell
adhesion proteins has been used to define where cells adhere on a material and to determine
which specific signaling pathways are activated in the cell.?® Such in vitro protein
micropatterns mimic the patterns and their dynamics observed in tissues and during tissue

formation in vivo and provide a great tool to study them.®

87-88 89-90

Approaches for patterning include lithography, microfluidics,

91-92

chemical vapour
deposition and micro-contact printing.*® For instance, microfluidics allows for the
selective deposition of LbL films on surfaces at the microscale, with channel widths or
diameters ranging from 50 to 800 um.>® On the other hand, lithography allows the preparation
of features from micrometers to nanometers.***® The patterning of surfaces with proteins
requires very mild conditions and most of these technologies are not suitable since they
require multiple steps under harsh conditions (e.g. electron beam for lithography, high
temperature, nonphysiological pH) and non-biocompatible chemicals.”® ' Therefore,
approaches for protein patterning with high spatial and temporal control that are scalable, cost

efficient, noninvasive and tunable are still rate.
1.2.3 Protein patterning using photolithography

Among the above listed approaches for surface patterning, photolithography, which requires
projecting a pattern of light onto a light responsive surface, is of particular interest when it
comes to patterning proteins. Photolithography provides precise control of the shape and size
of the patterns it creates and allows patterning a large surface cost-effectively. Many

photopatterning schemes use light switchable (e.g. azobenzenes)® % 102

83-84, 103

and light cleavable

(e.g. nitrobenzenes) moieties to produce light responsive surfaces.

Azobenzene groups contain two phenyl rings linked by a N=N double bond, which undergo
trans to cis photoisomerization under ultraviolet (UV) light and reverse from cis to trans in
dark. The light driven reversible isomerization of azobenzenes makes them excellent
candidates to control the presentation of different moieties and consequently the

photopatterning of liked molecules. Wang and coworkers fabricated a potoresponsive
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azobenzene/silica nanoparticles film by elelctrostatic self-assembly technique. The silica
nanoparticle was used to increase the roughness so that the surface wettability of film will
change significantly upon UV (trans) and visible-light irradiation (cis). Results indicated that
the more hydrophobic surface with trans form could adsorb more proteins and the less

hydrophobic surface with cis form could only adsorb a few proteins.®’

Nitrobenzene groups, can be photocleaved by the UV light and allow the selective removal of
linked functionalities from the substrate.’®* For example, Tirrell and coworkers prepared a
polymeric hydrogels including a 2-nitrophenyl group. After incubated with fluorescent
labelled protein and irradiated of UV light by mask, patterns of alternating lines was prepared
because of the nitrobenzene groups. This study illustrated one strategy for gaining spatial and
temporal control of protein patterning in vitro. For a further step, they use this approach to
pattern the extracellular matrix protein vitronectin, and the reversible differentiation of
human mesenchymal stem cells to osteoblasts in a spatially defined manner was

accomplished.®*

However, both azobenzenes and nitrobenzenes require the use of UV light, which is
damaging to biomolecules including proteins as well as cells.!®® Recently, near infrared light
was used to protein photopatterning based on the simultaneous two-photon absorption.*®
Even though two-photo activation provides excellent resolution, it is time-consuming as each
point needs to be illuminated sequentially. Besides, two-photon absorption requires

high-intensity light, makes it only occurs at the focus of a powerful pulsed laser.'"’

An alternative for the above mentioned UV-light based methods for protein patterning is
visible light photolithography. Beside the high biocompatibility, visible light
photolithography is easy to implement into a conventional fluorescence microscope, versatile
regarding the wavelength range and inoffensive to proteins. Towards this end, blue and red
light have been used to specifically photopatterned proteins on lipid vesicles and supported
lipid bilayer using photoswitchable protein pairs that respond to blue light such as iLID-
Nano'® and that respond to red light such as PhyB (phytochrome B)-PIF6 (phytochrome
interacting factor).’® It should be noted that these protein patterns were reversible in the dark
and far-red light, respectively. The PhyB-PIF6 protein was further engineered to
spatiotemporally target proteins onto model membranes and sequentially guide structural
assembly in vitro from the bottom up. In this way, complex micrometer-sized protein patterns

can be printed on time scales of seconds and the protein density can be precisely controlled
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by protein concentration, laser power, and activation time. Moreover, when printing self-
assembling proteins such as the bacterial cytoskeleton protein FtsZ, the targeted assembly
into filaments and large-scale structures such as artificial rings can be accomplished. An
alternative to light responsive proteins is to pattern proteins through a light-to-heat
conversion using green light on a poly(N-isopropylacrylamide) (PNIPAM) layer.**° Similarly,
also in this case reversible protein patterns form and are suitable for studying protein
dynamics. Yet, until now options to photopattern proteins permanently with visible light are
still missing and other light responsive proteins should be discovered to prepare permanent

protein patterns in this respect.
1.3 Light responsive proteins for optogenetic control

The term optogenetic describes photo-responsive genetically encoded proteins. The first
generation optogenetics concentrated on the use of light to control neurons that have been
genetically modified to express light-sensitive ion channels.*** Over the last decade, the field
of non-neuronal optogenetics has been growing, offering powerful tools to investigate
intracellular processes using light.****?° A variety of different proteins, which respond to
distinct wavelengths, covering the whole visible range of the electromagnetic spectrum,™*®
provide a rich toolbox for regulating cellular processes with light as an external stimulus,™#
113 including receptor activation, gene expression, enzyme activity, protein clustering and
protein localization both in mammalian and bacterial cells.”**!" In this thesis, two photo-
responsive proteins were employed: green light photocleavable protein CarH and blue light

photoswitchable protein pair iLID/Nano.
1.3.1 Green light photocleavable protein CarH

The protein CarH from Thermus thermophilus forms a tetramer in the dark when it binds to
its cofactor adenosylcobalamin (AdoCbl, coenzyme Bi,, AdoBj, or vitamin Bi;) and this
tetramer dissociates into its monomers under green light illumination.**®*?° The analysis of
the crystal structure demonstrates that the CarH tetramer is a dimer-of-dimers in the dark,
where each CarH monomer has an N-terminal DNA binding domain followed by a C-

terminal the light-sensing cobalamin (Cbl)-binding domain (Figure 1.3a).**
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Figure 1.3 a) CarH protomers arranged in a head-to-tail dimer, coloured by domain (helix bundle: yellow; Cbl-
binding domain: green) with left protomer shown in lighter colours. Adapted with permission from reference.'?
Copyright 2015 Springer Nature. b) Proposed photochemical conversion of base-off AdoCbl in CarH to a
cobalamin adduct with an active-site residue (likely either H132 or H142). Adapted with permission from

reference.'® Copyright 2015 Springer Nature.

CarH tetramer is formed when AdoCbl coordinates to a histidine (H177) in the active-site.
The photoconversion of CarH involves changes at the AdoCbl centre (Figure 1.3b).'2%%
More specifically, a histidine residues (likely H132 or H142) in CarH above the AdoCbl
replaces the adenosyl as a ligand at the cobalt center. Removal of this ligand produces a
significant structural change in the protein and the photo-conversion of CarH from tetramer
to monomer. The ligand exchange and the conformational switch is irreversible and the

photochemical process takes place within femtoseconds to seconds.*?

The light triggered photocleavage of CarH has been used for the optogenetic gene

120, 128125 protein release'®® and controlled cell signals.*?” Even in the bacterium

regulations,
Myxococcus xanthus CarH down-regulates the biosynthesis of photoprotecting
carotenoids.’**** % CarH has also been implemented into protein-based photoresponsive
hydrogels, which are covalently polymerized into genetically encoded SpyTag-SpyCatcher
hydrogels under mild physiological conditions. In these SpyTag/SpyCatcher hydrogels,
AdoCbl induced assembly of CarH tetramers leads to a network formation and a hydrogel in
dark. Upon green light illumination, the CarH tetramer decomposes and the hydrogel
liquefies. This light dependent decomposition of the hydrogel was used to release 3T3
fibroblasts and human mesenchymal stem cells (hMSCs) in a light dependent manner without
compromising cell viability.**® Unlike other known optogenetic proteins, CarH is unique in
its sensitivity to green light and fills a gap in the electromagnetic spectrum of optogenetic

tools. Moreover, CarH undergoes an irreversible change upon illumination, making it a
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unique optogenetic building block among the other light responsive proteins. Considering
such applications of CarH, over 200 CarH-like proteins identified in various bacterial

genomes are a likely source of new light responsive proteins.'
1.3.2 Blue light switchable protein pair iLID and Nano

The proteins iLID and Nano are an engineered protein pair, which bind to each other under
blue light.*****'  The improved light-inducible dimer (iLID) was engineered from a naturally
occurring LOV2 domain (light-oxygen-voltage domain 2) of phototropinl from the plant
Avena sativa (AsLOV2). The AsLOV?2 consists of a core per-arnt-sim (PAS) fold with an a-
helix on each of the N- and C-termini. Under blue light, the cofactor flavin mononucleotide
(FMN) is excited from a single into a triplet state.®® This step enables the formation of a
covalent bond between a cysteine in the LOV2 domain and the cofactor FMN.** The
formation of this bond alters the conformation of the entire protein and results in the
unwinding of the C-terminal Ja-helix.”***? The unfolding of the Ja-helix in iLID can be
separated into a two-step process: First, the covalent bond formation of FMN to the cystein
450 (Cys450) and the breaking of the hydrogen bonds formed by glutamine 513 (GIn513)
within 10 . Secondly, the unwinding of the Ja-helix which takes another 240 s and makes

it available for other interactions (Figure 1.4a)."*’
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Figure 1.4 a) Mechanism of the blue light activation of AsSLOV2 domain. By excitation with blue light the
cofactor FMN changed from a singlet to a triplet state and forms a covalent bind with the Cys450 of the protein.
This binding leads to a conformation change and is unwinding the Ja-helix shown in green. This unfolding that

allows SspB to interact with iLID. Adapted with permission from reference.®” Copyright 2012 Elsevier. b)
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Schematic depiction of the LOV domain’s photocycle showing the involvement of a central cysteine residue.

Adapted with permission from reference.’® Copyright 2018 American Chemical Society.

In detail, the formation of the covalent bond between the cysteine in the LOV2 domain and
the cofactor FMN can be dissected into a sequence of processes.’**™** The absorbed light,
initiates a chemical reaction during which a metastable covalent adduct is formed between a
flavin cofactor and a conserved cysteine residue of the LOV2 domain. The reaction proceeds

134

via excitation of FMN with blue light™" to a singlet state, FMN*, that rapidly interconverts to

a triplet state, *FMN, which then reacts with the sulfur of a neighbored cysteine side chain,

resulting in the “light state” of the protein (Figure 1.4b).}31%

When blue light illumination is stopped, the covalent bond between the FMN cofactor and
the cysteine breaks within seconds and the Ja-helix rewinds.*?>*? It was shown that different
protein domains can be fused to the end of the Ja-helix'® and that their activity can be
regulated with blue light.** The re-engineered version of AsSLOV2 domain, iLID, contains a
naturally occurring seven amino acid peptide, SsrA, from Escherichia coli in its Ja-helix that
can bind an adaptor protein, SspB. In the dark the SsrA peptide is hidden in the Ja-helix of
AsLOV2, and the binding of SspB is sterically hindered. Blue light irradiation (488 nm)
results in the unfolding of the Ja helix and enables the binding of SspB. The binding affinity
of iLID to the wild type SspB peptide, called Micro changes from 800 nM under blue light to
47 1M in the dark. A point mutation in the SspB at the arginine 73 to a glutamine, called
Nano, change the binding affinity from 132 nM under blue light to 4.7 pM in the dark (36-

fold change). The iLID/Nano interaction pair reverts to dark state within minutes.

137-141

iLID with its interaction partners have been used to control protein localization , activate

144145 3s well as to self-

assemble oligomeric enzymes**® and mimic RNA granules by forming protein hydrogels™*’.

signaling pathways*** and transcription***, induce cell migration

For example, iLID/Micro dimerization has been used to regulate the GTPase signaling
through the translocation of guanine nucleotide exchange factors (GEFs) to the plasma

membrane.**!
1.4 Streptavidin-biotin interaction

Streptavidin is a tetrameric protein with a molecular weight of 52.8 kDa, purified from the
bacterium Streptomyces avidinii and it has an extraordinarily high affinity for biotin. The
dissociation constant (Kg) of the streptavidin biotin complex is on the order of 10 ** mol/L,**®

which makes it to be one of the strongest non-covalent interactions known in nature.
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The femtomolar affinity between streptavidin and biotin is owing to a high shape
complementarity between the binding pocket of streptavidin and biotin. There is an extensive
network of hydrogen bonds formed to biotin when it is in the binding site (eight hydrogen
bonds made to residues in the binding site, involving residues Asn23, Tyr43, Ser27, Ser45,
Asn49, Ser88, Thr90 and Asp128). Besides, there are also hydrophobic interactions between
the streptavidin and biotin, which means there are numerous van der Waals force-mediated
contacts made to the biotin when it is in the pocket of streptavidin (Figure 1.5). The

hydrophobic contribution is also thought to significantly account for the high affinity.*49*>°

Figure 1.5 Binding of biotin to streptavidin. The hydrogen bonds are marked as dashed lines. Adapted with
permission from reference.*® Copyright 2016 Springer Nature.

Streptavidin-biotin  interaction is used extensively in molecular biology and

bionanotechnology  including  labelling,****%2

153-155

therapeutics, biosensing and
biofunctionalization, protein and nucleic acid detection, due to the high affinity, slow
exchange rate and good specificity.*>® Nowadays, the large repertoire of biotinylated small
molecules, proteins, peptides, nucleic acids and antibodies as well as materials add to the
diversity of the biotin-streptavidin chemistry. Moreover, streptavidin-biotin complexes are
resistance to proteolytic enzymes, detergents (e.g. SDS or Triton), denaturants (e.g.
guanidinium chloride), organic solvents and extremes of temperature and pH, which can also
be used for the development of artificial metalloenzymes,™’ probes,**® protein delivery,™®

robust and highly sensitive assays.*®
1.4.1 Streptavidin-biotin conjugates with precise structure

Each streptavidin tetramer has four independent biotin binding sites, which allows
streptavidin to be used as a linker between a wide variety of biotinylated molecules with

targeting, sensing, diagnostic and therapeutic functionalities and assembling them into one
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molecule in a modular fashion. However, in some cases, the tetravalence can also be a
disadvantage as it leads to statistical mixtures of conjugates when multiple biotinylated
molecules are coupled to one streptavidin as well as unwanted cross-linking and aggregation.
Thus, streptavidin-biotin conjugates with precise stoichiometries are highly needed.

One popular idea to solve the problem has been the design of monomeric streptavidins.*®* A
tetrameric but monovalent streptavidin was been prepared by the assembly of one ‘alive’
subunit of wild-type streptavidin and 3 ‘dead’ subunits of mutant streptavidin that include
point mutations in the biotin binding pocket which abolish the biotin binding. The refolded

streptavidin thus is monovalent and has been successfully used for cell receptor labeling

without artificial cross-linking (Figure 1.6).6+1¢2
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Figure 1.6 Generation and application of monovalent streptavidin. a) Refolding and purification of mixtures of
denatured mutant and wild-type streptavidin in a 3:1 ratio generates monovalent streptavidin. b) A cell-surface
protein of interest is expressed as fusion with an acceptor peptide (AP) and then is selectively biotinylated by
biotin ligase. Labeling with wild-type streptavidin potentially induces cross-linking and aggregation of the
protein of interest, but such cross-linking should not be observed with monovalent streptavidin. Adapted with

permission from reference.'®? Copyright 2006 Springer Nature.

Similarly, a rhizavidin monomer which has the same affinity for biotin conjugates as the
multimeric avidin was developed from dimeric rhizavidin through the introduction of point
mutations.’®® The rhizavidin has been used to form structurally defined biotin conjugates and
image biotinylated cell surface receptors without the formation of artificial receptor

clustering, which leads to unspecific cellular uptake.*®" %1% However, these methods are

19



unfit as linkers to assemble streptavidin conjugates with multiple functional groups, or with

multiple copies of a functional group.

Assembly the multifunctional streptavidin-biotin conjugates provides the advantages of

simple production, monodisperse size and structure,'®”1%®

and can be developed for specific
targeting and delivery. Moreover, the mature biotin labelling technology provides a large
repertoire of biotinylated molecules with targeting, sensing, diagnostic and therapeutic
entities. Yet, it is still challenging to produce structurally defined streptavidin conjugates with
more than one type of biotin labeled molecule and precise stoichiometry. One method to
prepare multifunctional streptavidin-biotin conjugates is through competitive binders for the
biotin pocket. Heck and coworkers prepared a avidin conjugate with one copy of specific
Rho-inhibiting clostridial C3 enzyme and three copies of PMN (polymorphonuclear
leukocytes)-binding peptides. To control the stoichiometry of peptides with terminal biotin
bound to avidin, a competitive binding assay with 2-(4-hydroxyphenylazo)benzoic acid
(HABA) was performed. HABA binds to avidin with lower affinity compared to biotin and
shows absorbance at 500 nm in the complexed form. Thus, disappearance of the absorption
peak indicates displacement of HABA by biotin and allows controlling the relative
stoichiometry.’®®  Another method for preparing multifunctional streptavidin/avidin
conjugates takes advantage of the binding of iminobiotin, which is pH responsive.
Iminobiotin binds with high affinity to streptavidin at a neutral or basic pH, while at acidic
pH the affinity is low. Kuan and coworkers prepared pH responsive Janus-like
supramolecular fusion proteins using iminobiotin-avidin interaction for functional protein
delivery. In this study, avidin was first immobilized onto iminobiotin beads to mask one
hemisphere of avidin, followed by the addition of biotinylated DHSA (dendronized human
serum albumin) onto the toposelective avidin. The DHSA-avidin heterodimer is isolated by
subsequent cleavage from the beads at acidic pH and finally purified by cation exchange
chromatography. The resultant DHSA-avidin construct possesses a vacant site at the opposite
hemisphere, formerly occupied by the solid phase, for the conjugation of a “cargo” protein.*®
Nevertheless, incorporating more than two functional entities using these methods without
restriction on one streptavidin in a controlled fashion is still elusive. So far, only precise tetra
-treptavidin conjugates with four different single stranded DNA have been prepared by Song
and coworkers.*”® The basic idea of producing multivalent treptavidin-DNA conjugate
(mTDC) is straightforward: First a statistical mixture of treptavidin conjugates with four

DNA strands was formed and subsequently specific mTDCs were separated through
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sequence specific hybridization between DNAs on treptavidin and capture DNAs on
magnetic beads (MBs). For each bifurcation step, specific DNA-decorated magnetic beads
are required to recognize and capture the target DNASs in the mTDCs. The capture DNAs are
complementary to the target DNAs and bound to the surface of the MBs via highly stable
covalent bonds based on maleimide-thiol chemistry. The mixture interacts with the capture
(DNA-decorated) MBs at each step, and the TDCs with the target DNASs proceed to the next
separation step, while those without target DNAs are discarded before the mixture being
thermally dehybridized. This approach thus only works for the preparation of protein-DNA
conjugates and further functionalization requires conjugates with complementary DNA as
was demonstrated with nanoparticles. Thus, a general approach for the preparation of

multifunctional streptavidin-biotin conjugates with precise stoichiometries is still needed.
1.5 Ni?*-NTA-His-tag interaction

Proteins with exposed poly histidine sequences (His-tag) have a high affinity for open metal
coordination sites. This property of His-tags has been widely used to separate proteins
through a chromatography technique called the immobilized metal ion affinity
chromatography.'”* The most commonly used metal ion complex for this purpose is the
complex between nitrilotriacetic acid (NTA) and Ni** ions.*”>*" In the complex of Ni**-NTA
and His-tags, the Ni** ion is in an octahedral coordination environment where four of the
coordination sites are occupied by the NTA ligand and two sites by the His-tag, so the
specific binding is formed based on the octahedral complex of Ni** with His-tag (Figure
1.7a).t"

Figure 1.7 a) Ni*-NTA-His-tag interaction. The Ni?* ion is in an octahedral coordination environment where
four of the coordination sites are occupied by the NTA molecule and two sites by the His-tag. Copyright
Nanoprobes, Inc. b) Structure and functionalization of polymer brushes with Ni?*-NTA, followed by His-tagged
green fluorescent protein immobilization. Adapted with permission from reference.*™ Copyright 2010 American
Chemical Society.
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The binding between Ni**-NTA complexes and His-tags owes its popularity to the fact that it
takes place under very mild conditions in the presence of various salts required for protein
activity and at neutral pH and the small size of the His-tag (6 (His6) to 10 (His10) histidines
are most commonly used), which does not interfere with protein activity. The Ni®*-NTA/His-
tag interaction is sensitive to pH and chelators, which is a general strategy also to elute His-
tagged proteins from columns. The sensitivity to pH depends on whether the metal ligands
are protonated or deprotonated. At around neutral pH the NTA ligands are deprotonated and
coordinate to the metal ion, while the protonation of the carboxylic acids and the amine
abolishes the coordination capacity at a low pH (pH below 5.0). The interaction between the
Ni?*-NTA complex and the His-tag is also reversible in the presence of competing ligands
and most commonly used ones include imidazole, EDTA (ethylenediaminetetraacetic acid)
and EGTA (ethyleneglycoltetraacetic acid). While ligands such as imidazole only displace
the His-tag from the coordination complex, strong chelators like EDTA and EGTA remove
the metal ion from the NTA complex completely. For this reason, imidazole is the most
widely used option for the elution from Ni?*-NTA columns. Protein can be eluted by
increasing the imidazole concentration, typically from 100 to 250 mM, depending on the
number of histidines they contain in their His-tags. Moreover, low concentration of imidazole
(10-30 mM) are commonly used to wash off non-specifically bound proteins. EDTA as a
stronger ligand than imidazole will already elute proteins at low concentrations (5-10 mM)
and remove the nickel ions from the NTA complex. The easy and straightforward purification
of His-tagged proteins has made it by far the most commonly used method for the
purification of recombinant proteins and large libraries of His-tagged proteins have been

prepareds.'’

The high specificity of the Ni**-NTA/His-tag interaction and the availability of His-tagged
proteins has extended its use far beyond just protein purification and has made it a reliable
biofunctionalization strategy. Nowadays, numerous molecules and materials with the NTA or
His-tag functionality are commercially available, including nanoparticles, lipids, polymer
beads, antibodies, fluorophores, polymers, and small molecules with other functional groups
(e.g. biatin, thiols). The development both on the protein and the synthesis side has been
extended the use to numerous other applications such as the incorporation of active proteins
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labeling of proteins with fluorophores, the synthesis of biofunctional hydrogels,'®® the
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specific conjugation and separation of biomolecules with proteins.*®**%* For example, Gautrot
and  coworkers, functionalized  protein-resistant  polymer  brushes, including
poly(oligoethylene glycol methacrylate) (POEGMA) and poly(hydroxyethyl methacrylate)
(PHEMA), with NTA end group that can complex with His-tagged proteins selectively and
reversibly. The preserved protein resistance of NTA functionalized brushes was used to
generate well-defined binary biofunctional patterns via a simple protocol of incubations and
washes (Figure 1.7b).""* In the area of in cellulo protein labeling, Christian and coworkers
prepared a NTA-dichlorofluorescein conjugate for the selective labeling of His-tagged
extracellular proteins. This fluorescent probe has allowed to fluorescently label His-tagged
proteins on the extracellular surfaces of HEK 293-T and HeLa cells.*® In a future study,
Guignet and coworkers presented a generic method for the selective, rapid (within seconds)
and reversibly labelling of proteins in vivo with small molecular probes. These probes
comprised a chromophore and multiple NTA moieties, which bind reversibly and specifically
to engineered oligohistidine sequences in proteins of interest. The feasibility of the labeling
approach was demonstrated with representative ligand-gated ion channels and green
fluorescent protein-coupled receptor. The labeling of the ionotropic 5HTj3 serotonin receptor
allowed to characterize in vivo the probe-receptor interactions, yielding information on
structure and plasma membrane distribution of the receptor.’®” The reliable and specific
interaction between Ni?*-NTA and His-tagged proteins and its sensitivity to pH and chelators
was also used in the context of this thesis for the design of multiresponsive synthetic cells,

precise protein micropatterns and streptavidin-biotin conjugates.
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Chapter 2. Multistimuli sensing adhesion unit for the self-positioning of

minimal synthetic cells
Copyright

The following chapter is based on the publication Dongdong Xu, Christin Kleineberg, Tanja
Vidakovi¢-Koch, and Seraphine V. Wegner, Small, 2020, Doi: 10.1002/smll.202002440. The
results are reprinted with permission from Wiley-VCH.

Aim

Cells have the ability to sense different environmental signals and position themselves
accordingly in order to support their survival. Introducing analogous capabilities to the
bottom-up assembled minimal synthetic cells is an important step for their autonomy. This
work develops a modular adhesion unit for minimal synthetic cells that is able to sense and
integrate four important stimuli: light, pH, oxidative stress and the presence of metal ions and
regulate the adhesion to a substrate in response to them. We integrated this multistimuli
responsive adhesion unit with a light-driven ATP production module such that it is capable to
adhere to substrates under environmental conditions that support its ATP production. This
multistimuli responsive adhesion unit provides a new and modular element in producing
smart and autonomous minimal synthetic cells that are able to position themselves in

environments that meet their needs.
Contributions

| performed most of the experiments and analysis including beads functionalization, glass
surfaces functionalization, beads immobilization and quantification, ATP measurement of
synthetic cells, QCM-D measurement and quantification. Christin Kleineberg prepared ATP
synthase, bR protein and the synthetic cells for ATP production. Tanja Vidakovi¢-Koch
contributed for the paper discussion and writing. Seraphine V. Wegner proposed the idea and

led the project.

24



2.1 Abstract

Cells have the ability to sense different environmental signals and position themselves
accordingly in order to support their survival. Introducing analogous capabilities to the
bottom-up assembled minimal synthetic cells is an important step for their autonomy. Here, a
minimal synthetic cell which combines a multistimuli sensitive adhesion unit with an energy
conversion module is reported, such that it can adhere to places that have the right
environmental parameters for ATP production. The multistimuli sensitive adhesion unit
senses light, pH, oxidative stress and the presence of metal ions and can regulate the adhesion
of synthetic cells to substrates in response to these stimuli following a chemically coded logic.
The adhesion unit is composed of the light and redox responsive protein interaction of iLID
and Nano and the pH sensitive and metal ion mediated binding of protein His-tags to Ni%*-
NTA complexes. Integration of the adhesion unit with a light to ATP conversion module into
one synthetic cell allowed it to adhere to places under blue light illumination, non-oxidative
conditions, at neutral pH and in the presence of metal ions, which are the right conditions to
synthesize ATP. Thus, the multistimuli responsive adhesion unit allows synthetic cells to self-

position and execute their functions.
2.2 Introduction

Cells have the remarkable ability to sense their environments, which allows them to inhabit
ones that fit their metabolic needs/life style and escape hostile conditions. This capability
requires cells to detect multiple environmental signals (e.g. oxygen levels, pH, light,
nutrients), integrate these signals in real-time following a defined logic and come to the final
decision to stay or leave under these circumstances. Most cells require neutral pH and
nutrients for survival, while some depend on additional more specialized factors, e.g.
photosynthetic organisms live in places where the light reaches'®? and anaerobic ones avoid
oxygen rich zones.'® Achieving analogous capabilities in synthetic cells, which are bottom-
up assembled systems from modular molecular building blocks with life-like features, would
be an important step forward in their autonomy.* *** This bottom-up approach in synthetic
biology builds on the idea of producing minimal living systems through the modular

24, 195 of

synthesis and integration well-characterized units and modules capable of diverse

functions (energy conversion,**® metabolism,** division,'*® growth®

etc.). In this context, an
adhesion module that responds to multiple environmental inputs would allow minimal

synthetic cells to sense and position themselves in the right place to carry out their functions
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and would represent a key feature for potential applications in biotechnology like drug

delivery,?® nanoreactors,?®* biosensing®® and bioremediation.”®®

One general strategy of cells to control colonization of environments is to regulate their
adhesion to the substrate in response to multiple signals.?®* The real-time response to changes
in the environmental inputs requires the direct and integrated sensing of different stimuli by
the adhesion coupled receptors of a cell. In minimal synthetic cells different triggers such as

temperature,***° pH,%%

metal ions,? redox potential®’?® and light*>** 2 have been used to
regulate their functions, including the adhesion to substrates.®® 2® While these examples
represent systems that respond to one parameter in their environment, the challenge remains
to construct “smart” synthetic cells which can sense and integrate multiple signals and adhere
to places with the right combination of stimuli to perform their function, analogous to natural

cells.

As key feature of life, the synthesis of ATP as the energy currency in cells has been
implemented into minimal synthetic cells.**’ In particular, converting light energy into ATP
has been achieved in artificial systems through the reconstitution of light driven protons
pumps and the ATP synthase into artificial biocompatible membranes, such as liposomes,**’
polymersomes™ or hybrid vesicles.*’ In these ATP generating systems a light driven proton
pump, such as bacteriorhodopsin (bR), establishes a proton gradient, which is used by the
ATP synthase to convert ADP to ATP. In these compartments, the functionality of ATP
production is mainly influenced by the light-induced build-up of a proton motive force across
the membrane as well as on the environmental parameters required for the molecular
machineries to be functional. For instance, like many other enzymes, the ATP synthase has a
metal ion cofactor, Mg?*, which is critical for its activity.””® Implementing an environmental
sensing and adhesion unit into these minimal synthetic cells would allow them to position

themselves in the right conditions to produce their energy.

Here we report a modular adhesion unit for minimal synthetic cells that is able to sense and
integrate four important stimuli: light, pH, oxidative stress and the presence of metal ions and
regulate the adhesion to a substrate in response to them. We integrated this multistimuli
responsive adhesion unit with a light-driven ATP production module such that it is capable to
adhere to substrates under environmental conditions that support its ATP production. On the
other hand, the environmental parameters required for ATP production are related to the
synthetic cell adhesion, for instance, the chemical used to move out Mg** ion (used for ATP
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production) will destroy the Ni**-NTA interaction so that the minimal synthetic cell detachs
from the substrate. This multistimuli responsive adhesion unit provides a new and modular
element in producing smart and autonomous minimal synthetic cells that are able to position

themselves in environments that meet their needs.
2.3 Results and Discussion

In the first step, we sought to design an adhesion receptor that is able to sense and integrate
multiple environmental parameters (including light, pH, oxidative stress and the presence of
metal ions) and regulate the adhesion of a biomimetic compartment in response to them. In
particular, we were interested in a multistimuli responsive adhesion unit that leads to
adhesion under conditions that the light to ATP converting module requires. For this purpose,
we proposed using the following molecular components as adhesion receptors for the
minimal cell: i) For sensitivity to light and redox condition: The photoswitchable protein
interaction between iLID (improved light-induced dimer) and Nano, which specifically binds
to each other under blue light illumination and dissociate from each other in the dark.2%’-%
We postulated that the iLID protein being an engineered version of the LOV2 domain (light
oxygen voltage sensing domain 2) from Avena sativa would also be sensitive to oxidative
stress. ii) For sensitivity to pH and presence of metal ions: The binding of His-tagged proteins
to Ni®*-NTA (nitrilotriacetic acid) groups, which requires the presence of a mediator ion such
as Ni** and reliably forms at neutral pH but is disrupted at acidic pH or in the presence of
chelator such as EDTA (ethylenediaminetetraacetic acid).”®® In our design of an adhesion
receptor that can integrate all the different inputs, we linked the His-tagged version of one of
the proteins, iLID, onto the surface of a minimal cell model through Ni?*-NTA linkers and
functionalized a substrate with the second protein, Nano. In this design, the minimal synthetic
cell should adhere to the substrate when both links through the light dependent protein-
protein interaction and the Ni**-NTA/His-tag binding are in place. These interactions require
the blue light to be on, non-oxidative conditions, the pH to be neutral and the presence of
Ni?* ions (Figure 2.1). Thus, this adhesion unit has the potential to sense these four
parameters and respond to different combinations of them differently following a chemically
coded logic. The environmental parameters sensed by this multistimuli responsive adhesion
unit are highly relevant as many organisms require neutral pH, non-oxidative conditions and
the presence of essential metal ions and the presence of light specifically for photosynthetic

cells.
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Figure 2.1 The design of the multistimuli responsive adhesion unit. The adhesion unit responses to light, pH,
oxidative stress and the presence of metal ions. The adhesion unit is composed of two molecular components:
The photoswitchable protein pair iLID (improved light-induced dimer) and Nano, which specifically binds to
each other under blue light illumination and dissociate from each other in the dark, non-oxidizing conditions, as
well as the Ni** mediated interaction of His-tags with NTA groups at neutral pH, which is disrupted at low pH
and in the presence of chelators. The membrane anchored multistimuli responsive adhesion (Ni**-NTA/His-
tag/iLID) unit allows the minimal synthetic cell to integrate the four environmental parameters and alter its
adhesion to a Nano functionalized substrate. In this design, the minimal synthetic cells adhere to the substrate
under blue light illumination, under non-oxidizing conditions, at neutral pH and in the presence of metal ions.

On the other hand, if one of these parameters is not satisfied the cell does not adhere to the substrate.

To demonstrate the multiresponsiveness of this adhesion unit, we used 2 pm PS (polystyrene)
beads as models to test the adhesion unit (the size of PS beads are not much different from
some cells) and investigated their adhesion to a glass substrate under all possible
combinations of the 4 stimuli, resulting in 16 different conditions. For this purpose, PS beads
were functionalized with a His-tagged iLID through Ni?*-NTA functionalities at their surface.
On the other side, the protein interaction partner Nano was immobilized onto a PEG
(polyethylene glycol) coated glass substrate also using the interaction between Ni**-NTA and
the His-tag of the protein. Subsequently, the functionalized PS beads were added on top of
the functionalized glass surface. The number of beads binding to the substrate (nonbinding

beads were washed off with buffer) under different conditions was quantified using bright
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field microscopy. More than 1200 beads/mm? bound under blue light illumination, at neutral
pH, non-oxidative conditions and the presence of Ni** ions (Figure 2.2a, f). Furthermore, the
adhesion of the functionalized PS beads to the substrate was responsive to changes in the

environmental parameters.
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Figure 2.2 Adhesion of His-tag/iLID functionalized Ni’**-NTA-PS beads on Nano functionalized substrates
under different conditions. Bright field images of beads on substrate under (a) light, pH 7.4, non-oxidizing
(reducing, Red.) conditions and presence of metal ion (Light +, pH 7 +, Red. +, Metal +), (b) same as (a) but in
the dark (Light -), (c) same as (a) but pH 3.5 (pH 7 -), (d) same as (a) but presence of oxidative stress, 10 mM
H,0, (Red. -), (e) same as (a) but in the presence of 50 mM EDTA (Metal -). Scale bars are 25 pm. (f) Number
of beads on the substrate under different conditions. The average from 30 images was reported and error bars

represent the standard error.

Light: Under otherwise identical conditions no beads attached to the glass in the dark (Figure
2.2b, f). This observation showed the sensitivity to light conferred by the iLID/Nano

interaction.

pH: When the pH was changed from neutral (pH 7.4) to acidic (pH 3.5), only few beads
attached (Figure 2.2c, f). One explanation for this observation is that at pH 3.5 the ligands of
the Ni** are protonated and no longer mediate the Ni**-NTA/His-tag binding. Beads will be
immobilized on the surface by the interaction of iLID/Nano (only little beads on the substrate

without the iLID/Nano pair, Figure 2.3a).

Oxidative stress: The attachment of the functionalized PS beads to the substrate was also
disturbed under oxidative stress (10 mM H,0,) (Figure 2.2d, ). We demonstrated with the
DTNB assay that H,O, results in the oxidation of a key cysteine in the iLID protein, which as
part of the photoresponse reacts with the flavin cofactor under blue light (Figure 2.3b).*** As
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a result of the H,O, treatment iLID no longer bound to Nano under blue light as shown by
QCM-D (Figure 2.3c). As demonstrated in previous studies the interaction between Ni?*-

NTA and His-tagged proteins is not affected by H,0,.2%
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Figure 2.3 (a) Adhesion of His-tag/iLID functionalized Ni*-NTA-PS beads on cut-Nano (without His-tag)
functionalized substrate under light, pH 7.4, non-oxidizing (reducing, Red.) conditions and presence of metal
ion (Light +, pH 7 +, Red. +, Metal +). Scale bar is 25 pm. (b) Influence of H,O, on the oxidation of cysteines
in iLID. The free thiols in iLID before and after exposure to 10 mM H,0, for 2 h at 4 <C were quantified using
the DTNB assay. The analysis showed that 78% of the thiols were oxidized after the exposure to H,0,.
Experiments were performed in technical triplicated and the error bars represent the standard error. (c) Influence
of H,O, on the binding of iLID to Nano. QCM-D curves of 1 pM iLID without (back line) and with (red line)
preexposure to H,0, (10 mM H,0, for 2 h at 4 €) binding to Ni**-NTA groups (5 mol% DGS-NTA-Ni**) on
lipid bilayers (green arrow) and the subsequent binding of cut-Nano (without His-tag) (500 nM) under blue light
(purple arrow). Blue arrows indicate washing steps with buffer A. The preexposure of iLID to H,O, did not

influence the binding to Ni**-NTA groups on the lipis bilayer but the interaction with Nano under blue light.

Presence of metal ions: The removal of metal ions i.e. Ni**, by adding 50 mM EDTA also
disturbed the adhesion of the PS beads to the substrate (Figure 2.2e, f). In this case the
chelator EDTA removed the mediator ion Ni?*, breaking the link between NTA and His-tag.

These findings showed that changing one of the environmental parameters already was
enough to disrupt the adhesion of the PS beads to the substrate. When not just one but more
parameters were changed considering all 16 possible combinations (Figure 2.2f, Figure 2.4
and 2.5), it became apparent that one parameter cannot rescue the effect of another and that
only under one condition (blue light, pH = 7.4, no H,0,, presence of metal ion) the PS beads
adhered to the substrate. Thus, the four environmental parameters are connected by a fourfold
AND logic and both the iLID/Nano and the Ni?*-NTA/His-tag interaction are necessary

molecular building blocks for the multistimuli responsive adhesion unit.
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Figure 2.4 Adhesion of His-tag/iLID functionalized Ni?*-NTA-PS beads on Nano functionalized substrates
under blue light (Light +) and varying other environmental parameters. Bright field images of beads on substrate
under (a) Light +, pH 7 -, Red. -, Metal +. (b) Light +, pH 7 -, Red. +, Metal -. (c) Light +, pH 7 +, Red. -, Metal
-. (d) Light +, pH 7 -, Red. -, Metal -. (e) Light -, pH 7 -, Red. -, Metal -. (f) negative control, substrate without
Nano functionalization. Scale bars are 25 pm.
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Figure 2.5 Adhesion of His-tag/iLID functionalized Ni**-NTA-PS beads on Nano functionalized substrates in
the dark (Light -) and varying other environmental parameters. Bright field images of beads on substrate under
(@) Light -, pH 7 -, Red. +, Metal +. (b) Light -, pH 7 +, Red. -, Metal +. (c) Light -, pH 7 +, Red. +, Metal -. (d)
Light -, pH 7 +, Red. -, Metal -. (e) Light -, pH 7 -, Red. +, Metal -. (f) Light -, pH 7 -, Red. -, Metal +. Scale
bars are 25 pm.
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Figure 2.6 (a) Coomassie-stained SDS-PAGE of purified EFgF; ATP synthase and molecular masses of EFgF;
subunits. (b) Turnover (k) of ATP synthase as determined in an acid-base transition experiment. The
Coomassie-stained SDS-PAGE (c) of purified bR with the corresponding absorbance spectrum (d). (e) Size
distribution of vesicles after extrusion through 100 nm pores (before reconstitution) and after coreconstitution of
bR and ATP synthase (after reconstitution) as measured by Dynamic Light Scattering (DLS). The mean
diameter of the vesicles is 151 nm and 142 nm, respectively. The PDI increases slightly due to reconstitution.
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Figure 2.7 ATP production under different conditions of the light to ATP converting liposomes. (a) Liposomes
(142 nm, 10 % DGS-Ni**-NTA lipid) with co-reconstituted bacteriorhodopsin (bR) and ATP synthase (ATPs)
convert light to ATP. Under light illumination, bR transports protons across the membrane. The established
proton motive force is used by ATP synthase to convert ADP to ATP. (b) ATP synthesis rates under different
conditions. Only under illumination (Light +), at neutral pH (pH 7 +), reducing conditions (Red. +) and in the
presence of metal ions (Metal +), ATP is produced. In the dark (Light -) and/or at pH 3.5 (pH 7 -) and/or under
oxidizing conditions, 10 mM H,0, (Red. -) and/or in the absence of metal ions, 50 mM EDTA (Metal -), no

ATP is produced. Experiments were performed in triplicated and the error bars represent the standard error.
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In the next step, we used cell-like compartments containing an energy conversion modules
that is capable of light to ATP conversion and aimed to integrate the multistimuli responsive
adhesion unit onto them, such that it could colonize environments that supports ATP
production. For this purpose, we investigated the environmental parameters required for ATP
production and the sensitivity of the ATP synthesis to different environmental parameters. We
co-reconstituted EF,F; ATP synthase from E. coli (Figure 2.6a, 2.6b) and bR from H.
salinarium (Figure 2.6c, 2.6d) in phosphatidylcholine (soy PC) liposomes that were
supplemented with lipids baring Ni®*-NTA head groups (10 mol%, Ni**-NTA-DGS), yielding

vesicles with a mean diameter of 142 nm (Figure 2.6e, 2.7a).3" 21021

For the ATP production, the orientation of the transmembrane proteins, bR and ATP synthase,
in the lipid membrane are important and ATP will only be produced if the majority is in the
correct orientation. In the here used method, the ATP synthase is mainly orientated with the
hydrophilic head outwards and the hydrophilic head is unlikely to go through the
hydrophobic membrane during reconstitution. Proteolytic digestion of the vesicle
reconstituted bR showed that most of the bR is oriented with the C-terminus towards the bulk,
which is the functional orientation for transporting protons inside the vesicles (Figure 2.8a,
2.8b). Moreover, the proton pumping activity of the bR was confirmed and a pH difference of

0.1 could be generated inside the vesicles (Figure 2.8c).
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Figure 2.8 bR orientation and proton pumping activity. (a) For proton pumping into the vesicle, the bR must be
oriented such that the C-terminus is exposed to the bulk and the N-terminus is inside the vesicle. Expected sizes
of proteolytic fragments of bR (26 kDa) after digestion with proteinase K (ProtK). bR fragments of 19.7 and 6.3
kDa are expected, if the N-terminus is exposed to the bulk (shown in orange) and bR fragments of 24.5 and 23.5
are expected, if the C-terminus is exposed to the bulk (shown in violet). (b) SDS-PAGE analysis of the digestion
products show that bR is mainly orientated with the C-terminus outside, which is the functional orientation.
Lane 1: band specific for ProtK enzyme only; lane 2: digestion product of not reconstituted bR; lane 3: digest
pattern for bR after reconstitution, lane 4: undigested bR after reconstitution in lipid vesicles. (c) Proton pump

activity of bR generates a pH gradient of around 0.1.
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Figure 2.9 (a) ATP production containing the light to ATP synthesis module under different conditions as
measured with luminescence. Significant concentrations of ATP were only produced under illumination (Light
+), at neutral pH (pH 7 +), non-oxidizing conditions (Red. +) and in the presence of metal ions (Metal +). In the
dark (Light -) and/or at pH 3.5 (pH 7 -) and/or under oxidative stress (10 mM H,0,) (Red. -) and/or in the
absence of metal ions (50 mM EDTA) (Metal -), no ATP was produced. (b) QCM-D curves of pure cut-Nano
binding to iLID functionalized lipid bilayers under blue light. 1: buffer A; 2: 0.1 mg/mL DOPC + 5 mol % DGS-
NTA,; 3: Buffer A; 4: 10 mM NiCl,; 5: buffer A; 6: 1 M iLID; 7: buffer A; 8: 100 nM cut-Nano; 9: buffer A.

Subsequently, we monitored the conversion of ADP to ATP of these energy modules using an
ATP bioluminescence assay changing the environmental parameters (Figure 2.7b, 2.9a).%
Considering all possible combinations of these four important environmental inputs, we
tested the synthesis of ATP in 16 different conditions. We found that ATP is produced only
upon light illumination (blue light or white light), at neutral pH (7.4), under non-oxidative
conditions and the presence of Mg®" ions (2 mM). On the other hand, the ATP synthesis
function was disrupted if any of these four parameters were altered, i.e. in the absence of light,
at lowered pH (3.5), under oxidative stress (10 mM H,0,) or the absence of metal ions (50
mM EDTA). These changes in environmental conditions result in the malfunction of different
components in ATP synthesis machinery and no conversion of ADP to ATP occurs. For
instance, in the dark the bR cannot transport protons from the outside to the inside of the
vesicles and EDTA removes magnesium ions, which are the cofactor of ATP synthase and
required for its activity. Likewise, oxidative stress (induced by H,0,) can lead to the
oxidation of sulfur containing amino acids (cysteine and methionine) and alter protein
structure and activity, which can damage highly sensitive membrane proteins like ATP
synthase and bR. Both of these proteins are pH sensitive and inactive at low (pH<4) or high
pH (pH>9). Overall, this ATP producing module requires specific conditions to execute its
function, which match the response of the developed multistimuli responsive adhesion unit.
Finally, we aimed to integrate the multistimuli sensitive adhesion unit onto compartments
with the light-driven ATP synthesis module into one synthetic cell, such that it can adhere to

substrates under conditions that support its energy conversion (Figure 2.10a). To achieve this,
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we immobilized Nano onto the lipid vesicles capable of light to ATP conversion using Ni*-
NTA lipids as described above. Similarly, the other interaction partner, iLID, was
immobilized as a His-tagged protein on a supported lipid bilayer (DOPC + 5 mol% DGS-
NTA) formed on a SiO, QCM-D crystal. It should be noted that either of the proteins, iLID or
Nano, can be immobilized on the substrate or vesicle through their His-tags as the interaction

between the proteins remains the same in both scenarios.
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Figure 2.10 Integration of the multistimuli responsive adhesion module with light to ATP converting energy
module. (a) His-tagged Nano was immobilized onto light to ATP converting liposomes (10% DGS-NTA-Ni**
lipid) and His-tagged iLID was immobilized onto a supported lipid bilayer (5 mol% DGS-NTA-Ni*" lipid) on a
SiO, QCM-D crystal. (b) QCM-D curves of Nano functionalized light to ATP converting liposomes on iLID
functionalized lipid bilayers in the dark (black) and under blue light (blue). Changes in frequency are shown
with solid and changes in dissipation with dashed lines. Red arrows indicate the washing step. (c) ATP synthesis
of liposomes that adhered to the QCM-D crystal under blue light or dark, after 30 min subsequent exposure to
blue light. As a control one sample was kept in dark both the adhesion step to the QCM-D crystal and the ATP

production step. All experiments were performed in triplicated and the error bars represent the standard error.

First, to monitor the adhesion of the lipid vesicles and subsequently their ATP production, we
used QCM-D (quartz crystal microbalance with dissipation monitoring) with a window
module as a non-interfering and label free method that allows illumination during the
measurement. The Nano functionalized lipid vesicles capable of ATP production were either
added onto the iLID decorated QCM-D crystal in the dark or under blue light illumination at
pH = 7.4 and in the absence of H,O, and EDTA (Figure 2.10b). Subsequently, nonbinding
vesicles were washed off after 30 min incubation. The results of the QCM-D measurement
showed that the frequency decreased more under blue light illumination than in the dark
(Afpe= -12.8 Hz, Afga=-2.3 Hz). The results clearly indicate that more vesicles bound to the
crystal under blue light than in the dark as a decrease in frequency correlates with the
adsorption of mass to the crystal. In parallel, the dissipation increased more under blue light
than in the dark (ADpe= 4.8, ADgak= 0.6). An increase in dissipation demonstrates the

formation of a soft and highly hydrated layer. The particularly large increase under blue light
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reveals that entire liposomes filled with buffer adhered to the surface. In comparison, if not
entire vesicles but just pure protein Nano bound to the surface the change in dissipation was
much smaller (ADp,e= 1.2 for pure Nano protein, Figure 2.9b) due to a rigid protein layer. To
evaluate the functionality of the energy conversion module in regard to adhesion on these
QCM-D surfaces, buffer with ADP was flushed into the chambers. Both chambers
(previously kept in the dark and under blue light during the adhesion step) were illuminated
with blue light for 30 min to allow light-driven ATP conversion. At the end, the QCM-D
chambers were opened and ATP was measured in the buffer above the crystal (Figure 2.10c).
This analysis showed that the liposomes that adhere to the surface under blue light are also
capable of ATP synthesis. In contrast, for the crystal kept in the dark only few liposomes
adhered, resulting in low ATP production upon subsequent illumination. As a negative control
one sample was kept in the dark during both the adhesion and the ATP production step. No
ATP production was observed in the negative control. Thus, the integration of the
multistimuli responsive adhesion unit onto compartments with the light to ATP converting
energy module allows these minimal synthetic cells to adhere to places that have the right
conditions for the energy conversion. As cells have the ability to sense different
environmental signals and position themselves accordingly in order to support their survival,

this study provides an approach for a more ‘smart’ system in the field of synthetic cells.
2.4 Conclusions

We are combining multiple stimuli response with the conversion of light to ATP. As in cells,
in the multistimuli sensitive adhesion unit different parts in the adhesion receptors are
sensitive to various environmental inputs, integrate them and work as sensors that alter
adhesions to a surface. This adhesion unit places these synthetic cells into places, which are
favorable for many life forms including neutral pH, free metal ions required as cofactors for
different metalloproteins and the absence of oxidative stress. The integration of the
multistimuli responsive adhesion module is straight forward as demonstrated with
micrometer sized PS beads and nanometer sized energy module in this study. The modularity
of the adhesion unit comes from the reliable and wide use of the interaction of His-tagged
proteins with Ni?*-NTA functionalized molecules and materials. The idea of using stimuli
responsive adhesion elements to position cells is highly transferable and other interactions
than the Ni?*-NTA/His-tag and iLID/Nano can be used to colonize different environments

with synthetic cells.
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Chapter 3. Green light lithography: a general strategy to create active

protein and cell micropatterns
Copyright

The following chapter is based on the publication Dongdong Xu, Solveig M. Bartelt,
Samaneh Rasoulinejad, Fei Chen and Seraphine V. Wegner, Materials Horizons, 2019, 6,
1222-1229. The results are reprinted with permission from the Royal Society of Chemistry.

Aim

The spatial protein patterning provides structural and functional advantages in vast
technological applications as well as fundamental research. This work focuses on developing
a method of surface patterning proteins and cells with high spatiotemporal control. Layer by
layer (LbL) protein system with a green light cleavable protein as the first layer is designed
based on the click reaction and Ni**-NTA-His-tag interaction. Using this method, we can
incorporate proteins with distinct functions into different layers depending on the application.
Our study presents meaningful insights for the assembly of multifunctional protein films

which can be used in a wide variety of applications in the field of biomaterials, biosensing,
and fundamental cell biology studies.

Contributions

| performed most of the experiments and analysis including protein preparation and
purification, glass surfaces functionalization, protein and cell patterning, cell quantification
and QCM-D measurement. Solveig M. Bartelt helped me on protein preparation and QCM-D
measurement. Samaneh Rasoulinejad helped me on cell experiment. Fei Chen did the glass

slides passivation. Seraphine V. Wegner proposed the idea and led the project.
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3.1 Abstract

Micropatterns of functional protein are important in biotechnology and research. Using
noninvasive wavelengths, green light lithography allows to photopattern active proteins with
high spatiotemporal control. Patterns of light are projected onto a layer-by-layer (LbL)
multiprotein film, where the green light cleavable protein CarH is integrated into the first
layer. CarH is tetramer in the dark and dissociates under green light into its monomers. The
LbL protein film is designed to have different functional proteins in each layer based on the
specific and polyvalent interactions between Ni**-NTA groups and His-tagged proteins, thus
providing oriented protein immobilization under mild conditions to preserve protein activity.
This enables the remote release of proteins in the upper layers by exposing the film to green
light with 1 m spatial and 10 s temporal resolution. Green light lithography is successfully
used to produce complex patterns of different functional proteins including fluorescent
proteins as well as the cell adhesion protein fibronectin. These protein patterns are compatible
with cell cultures and the photopatterned fibronectin’s allows spatially controlling cell
adhesion. Overall green light lithography provides a flexible way to micropattern His-tagged
proteins with high spatiotemporal control and in an oriented way by using noninvasive green

light assuring protein function.
3.2 Introduction

Patterning surfaces with active proteins on the micrometer scale is important in many
disciplines from biotechnological applications such as tissue engineering, guiding neuronal
growth, biosensing and protein chips to fundamental research for the understanding of cell-
material interactions and high throughput screenings.®* Micropatterned cell adhesion proteins,
for example, define where cells adhere on a material. The protein pattern on the micrometer
scale determines which specific signaling pathways are activated in the cell.®®
Photolithography, which requires projecting a pattern of light onto a light responsive surface,
combines a number of advantages over other micro-fabrication techniques, such as micro-
contact printing, lithography and chemical deposition.???'" Photolithography also provides
high spatial and temporal control, is scalable and cost efficient, while being remote controlled,

noninvasive and tuneable.

There are two challenges remaining when using the technique of protein photolithography to
achieve micropatterns on active and functional proteins: specific immobilization of proteins

and the use of noninvasive visible light. The first challenge - specific immobilization: in
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many photopatterning approaches, the surface chemistry is locally altered through exposure
to light, which changes the unspecific adsorption of proteins.™* 282 Although widely used,
the unspecific adsorption of proteins leads to indiscriminate binding of all proteins in the
environment, ill-defined interactions between proteins and substrate, unpredictable unfolding
of proteins, and in the worst case inactive orientation on the substrate and loss of activity. To
overcome these problems, the specific interactions used to immobilize proteins (e.g. between
Ni%*-NTA groups and His-tagged proteins,'®® ¥ 22° hiotin and streptavidin,®* as well as

glutathione and glutathione S-transferase’®

) have Dbeen rendered light-responsive and
photoactivatable chemical dimerizers'®™ ??? have been developed using UV light cleavable

caging groups.

The second challenge is that most photopatterning schemes use UV light, which is toxic for
cells and damaging to biomolecules. In particular, light cleavable (e.g. nitrobenzenes)®*®* and

light switchable (e.g. azobenzenes) moieties,®’

which have been widely used for unspecific
and specific protein patterning, both require the use of UV light, which limits their use in cell
biology. There are only a few studies in which researchers were able to photopattern proteins
with biocompatible near infrared (NIR) and visible light. The advantage of NIR light is that it
can be used for protein photopatterning in 3D using two-photon absorption.’® However, this
technique is time-consuming as each point needs to be illuminated sequentially. NIR light can
also be used for photopatterning in combination with up converting nanoparticles, which
absorb NIR light and emit visible and UV light. For instance up converting nanoparticles
were used to locally photocleave a ruthenium complex and the associated unspecifically
adsorbed proteins.®” Recently, proteins were also specifically photopatterned with blue light
on lipid vesicles and supported lipid bilayer using the blue and red light-dependent
interaction between the proteins, which reverses in the dark or far-red light.’*"%® While the
reversibility of these patterns is of benefit when studying dynamics, many biotechnological
applications require permanent protein micropatterns. As a result, there is still a requirement
to develop a general approach in order to specifically photopattern active proteins of interest

with noninvasive visible light.

One of the major applications of protein micropatterns is the control of cell adhesion to
enable studies in cell biology and to discover new possibilities in tissue engineering.’® To
date, photopatterning approaches for cells focus on creating local patterns of cell adhesive

and repellent regions.®® This has been achieved by coupling UV light responsive photocaging
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or photoswitchable groups to the cell adhesion peptide RGD, by linking nonadhesive

79, 223 and

polyethylene glycol (PEG) chains to surfaces through nitrobenzene linkers,
immobilizing these molecules to up converting nanoparticles.??* In order to go beyond the
photopatterning of only adhesion peptides, a general approach is still essential to introduce
full length adhesion and signaling proteins to the cell by using noninvasive wavelengths of

light.

In this study, we present a versatile method of photopatterning oriented and active proteins
with green light using layer-by-layer (LbL) multiprotein films. The LbL multiprotein film
allows us to incorporate proteins with distinct functions into different layers depending on the

application.
3.3 Results and Discussion

For green light photolithography, we used CarH,"?*'?? a green light cleavable protein, as the
light responsive building block. In particular, we integrated CarH into the 1% protein layer to
photopattern proteins in the upper layers with green light at high spatiotemporal control
(Figure 3.1a). Light responsive proteins, like CarH, were employed in the area of
optogenetics to control cellular processes noninvasively with light at high spatiotemporal
resolution.?”® In recent studies, certain light responsive proteins have also been used as useful
building blocks to produce light-responsive hydrogels for controlled hydrogel formation,

release of proteins and cells, and also to alter cell migration.*?® 2262/

The LbL assembly of films is a simple and versatile way of generating substrates with diverse
physicochemical and biological properties.??® In particular, stimuli-responsive (enzyme, pH,
temperature, light) LbL coatings have been developed for diverse applications in biosensing,

drug delivery, responsive release and cell culture.> " 78 229

Surprisingly, when compared to diverse polymer classes, there are only a few examples of
LbL systems with multiple functional proteins, given that different proteins can offer
unprecedented functional diversity.” For the LbL assembly of multiple proteins, we used the
specific interaction between Ni**-NTA groups and His-tags (polyhistidine sequences) of the
proteins. This interaction is attractive as it is specific, takes place under mild conditions (in an
aqueous buffer at neutral pH and in the presence of other molecules). In addition, NTA
modified material as well as His-tagged proteins are readily available. This is the reason why
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the interaction between Ni**-NTA groups and His-tags has already been used to assemble a

wide variety of protein-based materials ranging from microparticles to hydrogels.?*%
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Figure 3.1 Strategy for green light lithography and the assembly of LbL multiprotein films. a) The green light
cleavable protein CarH, which is a tetramer in the dark, is incorporated into the 1st layer so that proteins in the
upper layers can be removed locally by projecting a pattern of green light onto the LbL multiprotein film. b) The
LbL multiprotein films are assembled using the specific and multivalent interactions between 4-arm-PEG-Ni?*-
NTA and multimeric His-tagged proteins. A protein with multiple His-tags is immobilized on a Ni*-NTA
functionalized surface to form the 1st protein layer. Subsequent layers are formed by alternately adding 4-arm-
PEG-Ni**-NTA (Step 1) and a protein of interest with multiple His-tags (Step 2). This allows for the assembly
of a LbL multiprotein film with different proteins in each layer.

CarH forms a tetramer in the dark when it binds vitamin By, as its cofactor,1?0-12% 125126

Under green light illumination, the CarH tetramer dissociates into its monomers. We used
this light dependent cleavage of the CarH tetramer into its monomers for the photopatterning
of proteins, where we integrated CarH in the 1% layer of the LbL multiprotein films and
subsequently were able to locally release proteins in the upper layers by the green light
illumination. As a model in this study, we photopatterned the red fluorescent protein
TurboRFP and the cell adhesion protein fibronectin (FN).?*2%** Photopatterns of FN were
then used to pattern cells. Given that the low intensities of green light needed to cleave CarH
are not damaging to proteins and cells, it makes this approach highly biocompatible and
provides high spatiotemporal remote control.'® Additionally, the specific interactions

between the His-tagged proteins and the Ni**-NTA groups provide specific and oriented
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protein presentation to preserve protein activity. These results illustrate a versatile strategy
for assembling multiple active proteins into LbL films and photopatterning proteins and cells

using noninvasive green light.
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Figure 3.2 LbL film formation and protein patterning. (a) A 3 protein LbL film is formed on a PEG-Ni**-NTA
functionalized SiO, QCM-D crystal using 4-arm-PEG-Ni*-NTA and the dimeric proteins MiCy (1st layer),
TurboRFP (2nd layer) and dKatushka (3rd layer). (b) A light-sensitive LbL protein film using the green light
cleavable protein CarH (1st layer) and TurboRFP (2nd layer) is formed on a PEG-Ni**-NTA coated SiO, QCM-
D crystal and removed upon green light illumination. Red arrows: 5 pM of the respective protein, blue arrows:
25 UM 4-arm-PEG-Ni**-NTA, orange arrows: Buffer, cyan arrows: Buffer with 250 mM imidazole and green
arrow: green light illumination. The 7th overtone is presented. (c) Proteins were locally patterned by projecting
the logo of the Max Planck Society, the Minerva, onto a LbL film with CarH (1st layer) and TurboRFP (2nd
layer). The removal of the fluorescent protein TurboRFP from the illuminated areas leads to a dark protein

pattern on a bright background. Scale bar: 100 um.

We began by assembling LbL multiprotein films based on the interaction between His-tags
and Ni**-NTA groups. The assembly of such an LbL film requires multivalent interactions
between Ni**-NTA groups and His-tagged proteins so that the lower and upper layers in the
film can be linked to each other (Figure 3.1b). Therefore, we used proteins with multiple
His-tags oriented in opposite directions, such as the multimeric proteins that carry one His-
tag per monomer (MiCy: dimer, TurboRFP: dimer, dKatushka: dimer, CarH: tetramer). To
link the His-tagged proteins in each of the different layers, we synthesized and used a 4-arm-
PEG (MW 10 kDa) with Ni**-NTA end groups. As shown in Figure 3.1b, proteins with
multiple His-tags bind to a surface with Ni**-NTA groups to form the 1% protein layer.
Subsequent protein layers, which form the LbL multiprotein film, are produced by alternately
using 4-arm-PEG-Ni?*-NTA (Step 1) and a protein with multiple His-tags (Step 2). It should
be noted that the protein in the top layer can be any His-tagged protein and does not need to
carry multiple His-tags. In this LbL set up, proteins with distinct functions integrated in each

layer will determine the overall functionality of the LbL multiprotein film.
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To demonstrate the LbL protein film formation based on the above-described method, we
used quartz crystal microbalance with dissipation monitoring (QCM-D). QCM-D is a method
commonly used to study the adsorption and desorption of macromolecules on surfaces, where
adsorption of molecules onto the crystal is observed as a decrease and desorption as an
increase in frequency. In order to form the 1% protein layer, we prepared a PEG-coated SiO,
QCM-D crystal, where the PEG chain has terminal Ni**-NTA groups, then the dimeric
protein MiCy, where each of the monomers carry a His6-tag, was bound to the surface (red
arrow) and the excess protein was washed off with buffer (orange arrow) (Figure 3.2a). After
the 1% protein layer of with MiCy was formed, 4-arm-PEG-Ni**-NTA solution (Step 1, blue
arrow) was passed over the crystal in excess so that Ni**-NTA groups bind to the free His-
tags and Ni**-NTA groups in other arms remained free for the next protein layer. Notably,
upon addition of the 4-arm-PEG-Ni?*-NTA solution there is a slight increase in frequency,
which could potentially be due to the sensitivity of QCM-D to changes in viscosity or the
removal of some weakly bound proteins from the surface. Subsequently, His6-tagged
TurboRFP, dimer, was passed over the surface to form the 2" protein layer (Step 2, red
arrow). By repeating Steps 1 and 2 using a His-tagged dKatushka protein, which is also a
dimer, a 3" protein layer was formed. Further, the QCM-D data could be used to determine
the hydrated film by fitting the curves to the Sauerbrey equation. The fitted QCM-D curves
give film thicknesses of 4.2, 1.6 and 1.4 nm for the 1% (MiCy), 2" (TurboRFP) and 3"
(dKatushka) protein layers, respectively (Figure 3.3a). Considering that the monomeric unit
of a fluorescent protein is 3-4 nm in each dimension, it is apparent that the film thicknesses
were less than the height of a protein. This finding support the suggested LbL assembly
strategy, where a single nonconfluent layer of protein is added to the film in each step due to
the specific interaction between the His-tag and Ni?*-NTA groups. When we added an excess
of imidazole, which competes with His-tags and disrupts the interaction between His-tag and

Ni?*-NTA, the components washed off the surface.

a) b) ©)
Layer Thickness (nm) Layer Thickness (nm) Layer Thickness (nm)
MiCy 42 CarH 335 CarH 2
TurboRFP 1.6 TurboRFP 25 Fibronectin 1.25
dKatushka 14 After green light 155 After green light 0.25

Figure 3.3 (a) Film thicknesses obtained from QCM-D measurement in Figure 3.2a by fitting the 7"" overtone to
the Sauerbrey equation. (b) Film thicknesses obtained from QCM-D measurement in Figure 3.2b by fitting the
7" overtone to the Sauerbrey equation. (c) Film thicknesses obtained from QCM-D measurement in Figure 3.6a

by fitting the 7" overtone to the Sauerbrey equation.
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To use green light lithography to produce protein micropatterns, we next integrated the green
light-sensitive CarH tetramer into the 1% protein layer in the LbL protein films, so that we
could release proteins in the upper film layers after green light illumination when the CarH
tetramer dissociates into its monomers. At this point we used the light sensitive C-terminal
adenosylcobalamin binding domain of CarH with a C-terminal His6-tag, which is referred to
as CarH in the manuscript.**?® In the dark CarH is a tetramer when it binds to
adenosylcobalamin and dissociates into monomers upon exposure to green light due to drastic
conformational changes in the protein. For green light lithography, the CarH tetramer was
immobilized on the Ni**-NTA surface through multiple His6-tags (one on each monomer) to
form the first layer protein of a LbL protein film. Subsequently, a second protein layer was
assembled on top of the CarH tetramer relying on some of the His-tags that are oriented
towards the upper part of the film using first 4-arm-PEG-Ni?*-NTA and then a His-tagged
protein of choice. Under green light illumination, the CarH tetramer disassembled into its
monomers, which broke the linkage between the substrate and the upper layers of the LbL
film and lead to the removal of upper protein layers. To integrate the CarH tetramer into the
1% protein layer, we immobilized it on a PEG-Ni?*-NTA functionalized SiO, QCM-D crystal,
followed by QCM-D measurements (Figure 3.2b). Next, we produced a 2" protein layer on
top of the CarH tetramer layer using 4-arm-PEG-Ni?*-NTA (Step 1), and followed by His6-
tagged TurboRFP (Step 2). Upon green light exposure to the two layer protein film, both
CarH and the TurboRFP dissociated from the surface (green arrow). Fitting the QCM-D data
to the Sauerbrey equation showed that the CarH and TurboRFP layers were 3.35 and 2.5 nm,
respectively and the film thickness reduced to 1.5 nm upon green light illumination. Upon
green light illumination most of the protein was removed from the surface including most of
the CarH protein. This is presumably due to the washing off of CarH monomers that were not
linked directly to the substrate through their His-tags but to the upper layer Ni**-NTA-PEG
and a reduced avidity of the CarH monomer with a single His-tag compared to the CarH
tetramer with four His-tags per protein. This observation was also supported by QCM-D
results, where just CarH was immobilized onto a Ni?*-NTA surface and later illuminated with
green light. Upon green light illumination surface bound CarH tetramer was almost
completely removed from the surface as dissociates into its monomers under green light
(Figure 3.4a). Hence, in the LbL multiprotein films the CarH tetramer acts as a green light
cleavable linker between the 1% and 2™ protein layers and the protein in the 2" layer can be

flexibly chosen depending on the intended application.

44



CarH Green light

QO
~

Frequency (Hz)

0 20 40 60 80
Time (min)

Figure 3.4 (a) QCM-D measurement of CarH tetramer, the CarH protein is dissociated from the surface in the
green light step. (Arrow with different color means different solutions run on the silica crystal, orange arrows:
buffer A; red arrow: 5 uM CarH; blue arrow: 25 uM 4-arm-PEG-Ni**-NTA; green arrow: green light
illumination; cyan arrow: buffer B). The 7th overtone is presented. This step is used to test if the CarH is still
light sensitive when immobilized and if the photocleavage of the CarH tetramer leads to any dissociation from
the surface. In the QCM-D measurement, we observe that CarH tetramer dissociates from the surface when
illuminate with green light (green arrow) and it indicates that CarH can bind efficiently to the surface as a
tetramer through multiple His6-tags but not as a monomer with a single His6-tag. (b) Protein were locally
patterned by projecting the logo of the Max Planck Society, the Minerva, onto the pure TurboRFP film in 10%
intensity using a digital micromirror device, wavelength 525 nm, exposure time 1 min, scale bar: 100 um. (c)
Patterned protein lines with thickness values from 100 pm to 1 pm onto a just TurboRFP film in confocal

microscopy, 20% intensity, wavelength 552 nm, exposure time 10 s, scale bar: 100 pm.

The photocleavable CarH protein layer makes it possible to photopattern complex patterns of
a designated protein in the upper layer using noninvasive green light, which we term green
light lithography. To demonstrate this, we formed the above-described LbL multiprotein film
with CarH and TurboRFP layers on a Ni**-NTA-PEG coated glass surface. Then, using green
light, we projected the logo of the Max Planck Society, Minerva’s head, onto it for 60 s using
a digital micromirror device (DMD, 2048x2048, 0.488 um/pixel). When the sample was
fixed and imaged under a fluorescent microscope, we observed dark areas following the
projected pattern on a bright fluorescent background (Figure 3.2c) indicating that the
fluorescent protein TurboRFP was removed from these regions. As a negative control, we
immobilized just TurboRFP on the Ni*-NTA-PEG coated glass surface and projected the
same pattern for the same amount of time (Figure 3.4b). This did not result in any pattern
formation on the surface, showing that the green light projected by the DMD does not result
in significant photobleaching. The observed pattern is due to the light-induced CarH cleavage

and the resulting protein dissociation. These results demonstrate a versatile strategy for
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gaining spatial control of oriented proteins on surfaces and can be flexibly adapted to other

His-tagged proteins for the design and production of biosensors and protein chips.
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Figure 3.5 Spatial and temporal control over protein patterns using green light lithography. (a) Protein patterns
with thickness of 100 pm to 1 pm (100 pm, 75 pm, 50 pm, 25 pm, 10 pm, 5 pm and 1 ) separated by 20 pm
and (b) 20 pm protein patterns separated by distance from 100 pm to 1 pum on a LbL film with CarH (1st layer)
and TurboRFP (2nd layer). Lines of green light corresponding to the dark areas in the protein pattern were
projected onto the substrate for 10 s under a confocal microscope. Protein patterns with a resolution down to 1
pm were achieved. Below: Fluorescence intensity profile of the protein patterns. (c) Firstly, 40 pm vertical lines
were patterned onto an LbL CarH/TurboRFP film (t;). Subsequently, 80 jum horizontal lines were patterned onto
the same substrate (t,), resulting in a cross protein pattern. Hence, protein patterns can be altered at any desired

time point. Top: Projected green light pattern, bottom: obtained protein pattern. Scale bar: 100 um.

Green light lithography provides both high spatial and temporal control over the produced
protein patterns. To demonstrate the spatial resolution that this method provides fine lines of
proteins with widths from 100 pm to 1 pm and separated by 20 pm were patterned onto an
LbL film containing CarH and TurboRFP described above by projecting 20 pm lines with a

552 nm laser for 10 s using a confocal microscope ( 0.568 m/pixel) . Dark lines following
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the projected 20 pm lines with bright areas between them down to 1 pm resolution were
observed (Figure 3.5a). In contrast, illuminating a pure TurboRFP film (negative control) the
same way did not result in any pattern formation (Figure 3.4c). Similarly, 20 pm bright lines
with distances of 100 pm to 1 pm between them were patterned on LbL CarH/TurboRFP
films, when lines with different widths were projected into the substrate (Figure 3.5b). So,
both positive and negative proteinpatterns with a resolution down to 1 pm were attained
using green light lithography. The spatial resolution of 1 pm we obtained for green light
lithography is comparable to the resolution obtained for UV lithography in conventional
setups’®% 17° 220 hyt has the clear advantage of using a noninvasive wavelength of light.
Theoretically, the minimum feature size is directly proportional to the wavelength and
therefore, the resolution for green light lithography (ca. 550 nm) is about two fold lower that
for UV (ca. 200-356 nm) lithography. The other important advantage of this method is the
high temporal control over protein patterns. To demonstrate this, we first pattered lines of 40
pm widths onto a CarH/TurboRFP LbL film as described above and imaged the protein
pattern (Figure 3.5c, left). Later at a second time point, we patterned 80 pm lines
perpendicular to the first ones on the same substrate, by again illumination for 10 s under the
confocal microscope (Figure 3.5¢, right). Hence, green light lithography does not only allow
to pattern proteins with a spatial resolution of 1 pm but also allows for the manipulation of

such patterns at a desired time point within 10 seconds.
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Figure 3.6 Cell patterning through a patterned fibronectin LbL film. (a) A LbL film with CarH (1st layer) and
FN (2nd layer) is formed on a PEG-Ni**-NTA functionalized SiO, QCM-D crystal and can be removed upon
green light illumination. Orange arrows: Buffer, red arrows: 5 pM of the respective protein, blue arrow: 25 pM
4-arm-PEG-Ni**-NTA, green arrow: green light illumination, cyan arrow: Buffer with 250 mM imidazole. The
7th overtone is presented. (b) Quantification of the number of cells that adhere to CarH/FN and FN
functionalized surfaces kept in the dark or exposed to green light. Cells cannot adhere to CarH/FN surfaces
exposed to green light. (c) Patterned MCF-7 cells on CarH/FN modified surfaces. Cells only adhere to those

areas, which were not exposed to green light. Scale bar: 100 um.
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The spatial control of proteins on functionalized surfaces is important in order to guide cell-
material interactions in general, and cell adhesion in particular, for applications in tissue
engineering and to gain a better understanding of cell biology. The possibility of being able to
photopattern a protein of our choice motivated us to control cell adhesion through the
patterning of the cell adhesion protein fibronectin (FN). To do this, we constructed a LbL
protein film where the 1% layer contains CarH and the 2" layer contains His-tagged FN and
observed the forming by QCM-D (Figure 3.6a, 3.3c). As expected, the CarH/FN film is also
sensitive to green light and can be removed from the crystal surface by green light
illumination (green arrow). Next, we investigated if this CarH/FN film was able to support

cell adhesion and if the removal of FN with green light produces nonadhesive surfaces.
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Figure 3.7 The microscopy image of cell incubated on the (a) CarH/FN modified glass surface under dark

environment; (b) CarH/FN modified glass surface under light environment; (c) FN modified glass surface under
dark environment; (d) FN modified glass surface under light environment; (¢) PEG-NTA modified glass surface.

Cell is stained by DAPI (DAPI channel) and Phalloidin/Actin (TRITC channel), scale bar is 100 pum.
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With this in mind, we incubated MDA-MB-231 cells (5.21x10° cells/cm?) for 4 hours on the
Ni?*-NTA-PEG coated glass surfaces with either a CarH/FN film or just FN as a positive
control. While one set of surfaces was kept in the dark, another set of surfaces was exposed to
green light for 5 minutes before the cells were seeded (Figure 3.6b). First, equal numbers of
cells adhered to the CarH/FN surface kept in the dark and to the FN modified surfaces. It
should be noted that the cells adhered but did not spread on FN or CarH/FN surfaces,
presumably due to the low overall FN concentration on the substrate (Figure 3.7). Secondly,
only very few cells adhered to CarH/FN surfaces that had been exposed to green light
illumination (1.9 % of seeded cells) compared to the CarH/FN surfaces that remained in the
dark (25% of seeded cells). In fact, the removal of FN upon green light exposure was very
efficient as the number of cells that adhered to green light-exposed CarH/FN surfaces were
comparable to the number of cells that adhered to the unmodified Ni?*-NTA-PEG-coated
glass surfaces. This reduced cell adhesion on CarH/FN films upon green light illumination
was clearly due to the photocleavage of CarH, as cells adhere equally well on pure FN
surfaces even when exposed to green light. In summary, these results demonstrate that the
CarH can be used to photorelease FN from the surface and hence control cell adhesion by

using green light.

Next, we set out to photopattern FN with green light lithography to locally control cell
adhesion on CarH/FN LbL films. For this purpose, we first projected a striped pattern of
green light on a CarH/FN LbL film and then seeded MCF-7 cells onto it (Figure 3.6¢). The
MCF-7 cells adhered to the stripes that were not illuminated, but did not adhere to the
illuminated regions, indicating the removal of FN in these areas. The cell patterns, which
follow the photopatterned FN, show that spatially controlled presentation of active proteins
influences cell behaviour such as cell adhesion. These straightforward protein and cell
patterns demonstrate that green light lithography allows for the flexible photopatterning of
active proteins on different LbL multiprotein films and can be used in a wide variety of
applications in the field of biomaterials, biosensing, and fundamental cell biology studies.

3.4 Conclusions

To conclude, we have presented a general method for photopatterning of oriented and active
proteins using green light on LbL multiprotein assemblies. The ability to photopattern active
proteins with noninvasive green light is based on two scientific advancements. To begin with,

we were the first to use the green light cleavable protein CarH as a light-sensitive building
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block for photolithography. This provided us with the desired high spatial and temporal
remote control over the protein patterns, while being noninvasive and biocompatible.
Secondly, we developed a LbL assembly method for multiprotein films based on the specific
and multivalent interaction of Ni®*-NTA groups and His-tagged proteins, which allowed us to
achieve the oriented presentation of a His-tagged protein of interest. The specificity of this
interaction and the compatibility with buffered solutions at a neutral pH, are key factors in the
bioactive presentation of proteins. We focused here on using these multiprotein LbL films to
introduce and remove proteins by using green light and by incorporating His-tagged CarH in
the 1% protein layer. These LbL multiprotein films can be used for cell patterning, as a
promising strategy to modulate cell-material interactions, and to design new biomaterials.
The wide availability of His-tagged proteins and Ni**-NTA-modified materials makes this
approach highly modular and adaptable for other applications. A further advantage is that the
LbL structure of the multiprotein film can be used to control the sequence of released
proteins. Given this, we anticipate that this approach will prove highly useful in applications

using protein patterning, drug delivery and tissue engineering.

50



Chapter 4. Turning cell adhesions on or off with high spatiotemporal

precision using the green light responsive protein CarH
Copyright

The following chapter is based on the publication Dongdong Xu, Julia Ricken and Seraphine
V. Wegner, Chemistry - A European Journal, 2020, Doi: 10.1002/chem.202001238. The

results are reprinted with permission from Wiley-VCH.

Aim

Spatiotemporal control of integrin-mediated cell adhesions to extracellular matrix regulates
cell behavior with has numerous implications for biotechnological applications. This work
develops two approaches for regulating cell adhesions in space and time with high precision
based on the photo-cleavable protein CarH and the cell adhesion sequence, cRGD. CarH was
used to mask cRGD in the first design, which is call GREEN-ON system. In the second
design, the GREEN-OFF system, CarH was fused with cRGD and the protein CarH-cRGD
was used in the research of cell adhesion. Both designs allow for photoregulation with

noninvasive visible light and open new possibilities to investigate the dynamical regulation of
cell adhesions in cell biology.

Contributions

| performed most of the experiments and analysis including protein preparation and
purification, glass surfaces functionalization, cell immobilization and quantification in the
GREEN-ON system, cell patterning, cell spreading and the spatiotemporal control over cell
adhesion. Julia Ricken prepared CarH-cRGD plasmid, performed experiment include
metabolic activity of cells upon green light, UV-vis spectra, cell immobilization and
quantification in the GREEN-OFF system. Seraphine V. Wegner proposed the idea and led
the project.
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4.1 Abstract

Spatiotemporal control of integrin-mediated cell adhesions to extracellular matrix regulates
cell behavior with has numerous implications for biotechnological applications. Herein, we
report two approaches for regulating cell adhesions in space and time with high precision
both of which utilize green light. In the first design, CarH, which is a tetramer in the dark, is
used to mask cRGD adhesion-peptides on a surface. Upon green light illumination, the CarH
tetramer dissociates into its monomers, revealing the adhesion peptide so that cells can adhere.
In the second design, the RGD motif is incorporated into the CarH protein tetramer such that
cells can adhere to surfaces functionalized with this protein. The cell adhesions can be
disrupted with green light, due to the disassembly of the CarH-RGD protein. Both designs
allow for photoregulation with noninvasive visible light and open new possibilities to

investigate the dynamical regulation of cell adhesions in cell biology.
4.2 Introduction

The cell adhesions to their extracellular matrix (ECM) are of fundamental importance in cell
biology, and they are strictly regulated in space and time during different cellular processes
including cell migration,*® differentiation,*’ division®** and apoptosis.?*®> As such biomimetic
synthetic materials have provided great insight into the mechanism surrounding cell adhesion
processes and have guided material designs in medical applications, tissue engineering and
cell-based biosensing devices. Stimuli-responsive ECM mimetic materials that allow altering
cell adhesion in response to external stimuli such as light,?** %*® heat,®’ pH?*® and voltage®*®
have attracted a lot of attention. Controlling cell adhesions with light is particularly attractive
as it provides regulation with a subcellular spatial and high temporal resolution, unmatched
by other stimuli. Studies using photocontrolled cell-ECM interactions with high
spatiotemporal control have provided new insight into the role of adhesions in intracellular

51, 224, 242

signal transduction,®****" dynamics of cell adhesions, mechanosensing,?*® collective

h244

cell migration,*® vascularization of biomaterials,®® guiding neuronal growth?** and stem cell

differentiation.?*>246

Until now, numerous strategies to control cell-ECM interactions with light have been
developed. Towards this purpose, photocleavable groups (e.g., nitrobenzyl), which can be
removed upon illumination with UV-light, have been used to locally remove nonadhesive
PEG (polyethylene glycol) chains and render the surface adhesive.'® 2%’ Likewise,

photocleavable groups have been coupled to cell adhesion peptides such as the arginine-
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glycine-aspartic acid peptides (RGD), which are recognized by integrin receptors, as caging

groupssg' 246

or to release them.®® Linking these photocleavable groups to upconverting
nanoparticles has allowed photoregulation with far-red light, thereby overcoming the
phototoxicity of UV-light.**** For reversible on/off regulation, photoswitchable groups (e.g.
azobenzene) have also been employed to regulate RGD accessibility for integrin binding and
mechanical properties of hydrogels using UV light.*%%! A recent advancement in the field
that overcomes limitation in response to UV-light is the integration of light responsive
proteins into materials. These proteins respond to noninvasive visible light and can be
genetically encoded so that cells can produce them. Hydrogel materials and surfaces coated

51, 180

with such light-responsive proteins allow altering cell adhesion properties as well as

126, 252-254

mechanical properties and thereby, study the dynamics of associated cellular

processes. Moreover, photoswitchable proteins have also been integrated into the integrin

256

receptors® and used as artificial cell adhesion receptors®® to photoregulate cell adhesions.

In this manuscript, we demonstrate how to control cell adhesions to RGD motives using the
green-light-responsive protein, CarH, as a photosensitive unit. CarH from Thermus
thermophilus forms a tetramer in the dark when it binds its cofactor AdoB;, and dissociates
into monomers upon exposure to green light.*?> 12" 8% |n two different designs, we were able

to either turn cell adhesion on or off upon green light illumination.
4.3 Results and Discussion

In the first approach, GREEN-ON, the tetrameric CarH protein was used to form a
nonadhesive layer hiding an underlying cRGD adhesion peptides (Figure 4.1a). Following
green light illumination, the CarH protein layer was removed, and cells could adhere to the

exposed CRGD sequences.

In the second approach, GREEN-OFF, we introduced three copies of the adhesion peptide
RGD into the CarH protein, yielding CarH-RGD (Figure 4.2a). Thereby, cells could adhere
to surfaces functionalized with this protein (Figure 4.1b). However, when these surfaces
were exposed to green light, the adhesive CarH-RGD protein dissociated, and cells could no
longer adhere to the PEG coating underneath. Overall, these two designs showed how
biocompatible green light CarH could be employed as an alternative to photocleavable groups
such as UV-sensitive nitrobenzyl to photoregulate cell adhesions (Figure 4.2b). The two
approaches were implemented as follows. In the GREEN-ON design, the adhesion peptide

cRGD was covered by a nonadhesive and photosensitive layer of CarH tetramer. For this
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purpose, glass surfaces were first coated with PEG-azide (a PEG3000 with an azide and a
triethoxy-silane terminal group), and the azide groups at the surface were functionalized with
a mixture of 0.2% cRGD-alkyne and 99.8% NTA-alkyne using the copper(l) catalyzed azide-
alkyne click reaction. Subsequently, the CarH tetramer (light-sensitive C-terminal
adenosylcobalamin binding domain of CarH with a C-terminal His6-tag of Thermus
thermophilus, referred to as CarH in the manuscript) was immobilized onto these surfaces
using the specific binding of the His-tags and the Ni**-NTA (nitrilotriacetic acid).'*® We
expected that upon green light illumination, the CarH tetramer would disassemble into its
monomers and dissociate from the surface efficiently (12% of the initial protein remained on
the surface) as previously shown,'®® so that the underlying cRGD motifs are exposed for cell
adhesion. The efficient removal of CarH from the surface upon green light illumination is
presumably due to the avidity of multiple His-tags in the CarH tetramer, which is lost when it

dissociates into its monomers.*°

a) . GREEN-ON

b)
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Figure 4.1 Green light controlled cell-ECM adhesions. a) GREEN-ON design: The CarH tetramer was
employed as a nonadhesive layer, which masks the underlying cell adhesion peptide RGD and blocks the
binding of integrins. The CarH was immobilized on a PEG coated surface through the NTA-Ni**/His-tag
binding. Upon green light illumination, CarH dissociates into its monomers and is removed from the surface,
exposing the RGD peptides to integrin receptors on the cell and leads to cell adhesion. b) GREEN-OFF design:
The RGD adhesion motif was fused to the CarH to yield CarH-RGD. A PEG coated surface was functionalized
with the CarH-RGD tetramer, so that the RGD motifs are exposed for cell adhesion in the dark. Under green

light, CarH-RGD dissociated and leads to the detachment of the cells from the surface.
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In the second design, GREEN-OFF, the CarH-RGD tetramer was immobilized on top of a
PEG layer with Ni®*-NTA end groups via the His-tags of the protein. Similar to the parent
CarH protein, CarH-RGD forms a tetramer in the dark as shown by size exclusion
chromatography (Figure 4.2c) and undergoes the same photoreaction as shown by UV-Vis
spectroscopy (Figure 4.2d). Due to the geometry of the CarH-RGD tetramer,*?! the different
C-terminal poly-RGD sequences and His-tags point in opposite directions. Thus, we
predicted that two of the poly-RGD sequences close to the His-tags implicated in
immobilization would not be accessible to integrin binding as they will be covered by the
protein, but the other two poly-RGD sequences would be facing away from the surface and
would be exposed for integrins to bind. Thus, upon green light exposure, the CarH-RGD
tetramer would disassemble, leaving no exposed adhesion motifs for cell adhesion, similar to

the native proteins CarH.'*

uv1_280
may

a)e_His—t?g ~RGD-motif C) NS
V% /B“)-Cofac!or 100
wAopt 2 x
Lo (L e A
e ( ‘\\,, - Tie > ¢ CarH monomer H L
-“ 3 54 -fﬁ S— e
IR > 1IN
Liog - \ \
T Lo 4 s =
¥ — S
@ 5 120 10 140
D) 15- )
- da
g 0.4+
o - 5s
§ 1.0~ 5 — 10s
® B
z g- — 20s
B 0.5 302 - 30s
o <
2 40s
< .
0.0- 1 min
‘) ff? ] n Q 0.0 T T T
NG ¥ NV 300 400 500 600
Light flux [pM/m2s] Wavelength [nm]

Figure 4.2 (a) Design of CarH-RGD. a) Cobalamin binding domain of CarH in the dark is a tetramer (PDB:
5C8A) shown in different tones of blue and the cofactor AdoB, in purple. The predicted position of the C-
terminal RGD motifs and His-tag are shown in red and yellow, respectively. (b) The metabolic activity of MCF-
7 cells after green light illumination for 2 hours and in the dark, was assessed with a MTT assay, showing no
decreased activity of cell cultures under different light intensities of green light compared to dark, which shows
the nontoxicity of green light. (¢) Chromatogram of CarH-RGD on a size exclusion column. Blue curve:
Absorbance at 280 nm, red curve: absorbance at 488 nm. The CarH-RGD tetramer eluted at 70 mL, the CarH-
RGD monomer at 87 mL and the excess cofactor AdoB;, at 115 mL. (d) UV-Vis spectra of the CarH-RGD
tetramer upon disassembly under green light. The black curve presents CarH tetramer before exposure to green

light and the green curves show the changes over time under green light illumination.
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Figure 4.3 Cell adhesion on GREEN-ON (a, b) and GREEN-OFF (c, d) surfaces. Quantification of (a), (c) the
number of cells that adhere based on the nuclear DAPI staining and (b), (d) spreading area of cells based on the
actin staining. The surfaces were either kept in dark or illuminated with light for 5 minutes prior to seeding cells.

A surface without protein functionalization was used as a control. One Way ANOVA test, p-value *** <0.001.

To investigate if cell adhesion can be altered based on these two approaches using green light,
we incubated MCF-7 cells on the above-described surfaces. In these experiments, one set of
surfaces was kept in the dark, and another set was exposed to green light for 5 minutes prior
to cell seeding. A surface with Ni**-NTA-PEG coating was a negative control. As measures
of cell adhesion, the number of cells and their spreading area was determined based on the

DAPI nuclei staining and phalloidin-TRITC based actin cytoskeleton staining, respectively.

Actin DAPI Merge

Figure 4.4 Fluorescence images of cells on GREEN-ON surfaces in the dark and under green light illumination.

Dark

Green light

Control

A surface without any protein and peptide functionalization was used as a negative control. Red: actin, blue:

nucleus. Scale bar: 50 um.
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For the GREEN-ON design, very few cells adhered to the surfaces functionalized with CarH
that were kept in the dark; however, five times more cells adhered to the surfaces when
exposed to green light (Figure 4.3a). Moreover, cells cultured in the dark and green light
showed a significant difference in their spreading area. Green light illuminated cells spread
well and formed actin networks, but in the dark cells did not spread (Figure 4.3b, 4.4). Taken
together, these findings validate the design principle and indicate that cRGD peptides were

hidden under the CarH layer prior to the tetramer disassembly upon green light illumination.

For the second strategy, GREEN-OFF, where the MCF-7 cells were seeded on CarH-RGD
functionalized surfaces, the opposite cell adhesion trends were observed. Cells adhered well
to surfaces that were kept in the dark but adhered less to surfaces with prior green light
exposure (Figure 4.3c). Similarly, cells kept in the dark had a significantly larger spreading

area on surfaces than ones exposed to green light (Figure 4.3d, 4.5).

Actin DAPI Merge

Figure 4.5 Fluorescence images of cells on GREEN-OFF surfaces in the dark and under green light illumination.

Dark

Green light

In the merged channel, red: actin, blue: nucleus. Scale bar: 50 pm.

Next, we explored the spatial and temporal control that these systems provide over cell
adhesions in different set-up. In a first example to demonstrate the spatial control, we used
the GREEN-ON system and projected a repeating green light stripe (150 pm) dark stripe (50
M) pattern onto a surface. Then, we seeded MCF-7 cells on the surface and stained the
nuclei and actin cytoskeleton (Figure 4.6a). The MCF-7 cells adhered to the regions that

were illuminated but not to the unilluminated regions reproducing the striped pattern.
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Figure 4.6 Spatial and temporal control over cell adhesions using the GREEN-ON design. (a) Patterned MCF-7
cells seeded on surfaces that were pre-exposed with a 150 pm wide pattern of green light (dash lines). Cell
nuclei are shown in blue and the actin cytoskeleton in red. Scale bars are 50 um. (b) Green light triggered cell

spreading. Top row: Interference reflection, bottom row: SiR-actin staining. Scale bars are 5 pm.

In a second example the GREEN-ON design was used to activate cell adhesions at any given
time upon green light illumination, allowing to follow the progression of cell adhesions. To
demonstrate this, cells, which were pre-stained with the SiR-actin dye, were seeded onto the
surface in the dark. The cells did not significantly adhere to the surfaces, as was evident by
their rounded appearance and the lack of actin fibers. Subsequently, a cell that was sitting on
the surface was illuminated with green light under a confocal laser scanning, and the changes
in morphology and actin structures were monitored. Over the 90 min observation window,
the cells spread and established focal contacts with the surface as both visible from the

interference reflection channel and SiR-actin actin staining (Figure 4.6b, 4.7).

t=0min t=30min t=60min t=90 min

SiR-actin Reflection

Figure 4.7 Cell spreading on the GREEN-ON surfaces under green light illumination as monitored with live cell
imaging in the interference reflection and SiR-actin channels. Images were first acquired in the dark (t = 0 min)

and the cell spreading was monitored over time after 30 min green light illumination. Scale bar: 5 pm.
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Complementarily, the GREEN-OFF design based on CarH-RGD coated surfaces allows the
disruption of cell adhesions when and where desired. The spatiotemporal control was
demonstrated by allowing cells to adhere to a CarH-RGD functionalized surface overnight
(Figure 4.8). Then, in a field of view a subset of cells was chosen and the selected area was
illuminated with green light under the microscope. We observed that the cells in the
illuminated area detached from the surface within 20 min and the neighboring cells outside

the illuminated area remained attached.

Dark Green light

Reflection

SiR-actin

Figure 4.8 Spatial and temporal control over cell adhesions using the GREEN-OFF design. Cells, which
adhered to CarH-RGD functionalized surfaces, were specifically removed in the green light illuminated area

(green outline) over 20 min. Scale bars are 50 um.

4.4 Conclusions

In conclusion, we present two approaches for green light regulated cell adhesions that provide
noninvasive, biocompatable control over integrin mediated adhesions with high
spatiotemporal precision. The photocleavable protein CarH, which these approaches are
based on, provides a visible light responsive protein counterpart to the widely used UV-light
cleavable functional groups. In the GREEN-ON approach, the CarH was used as a
nonadhesive photocleavable layer to hide the adhesion peptide cRGD. This approach is very
adaptable and CarH could be used to regulate the exposure of other adhesion or bioactive
peptides as well as small molecules. Further, CarH can also be incorporated as a light
responsive alternative to non-cell adhesive polymers such as PEG or proteins such as BSA. In

the GREEN-OFF approach, we incorporate the RGD cell adhesion motif as a genetically
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coded protein component that can be removed with green light. Similarly, other peptide
sequences or even protein domains could be incorporated as part of this green light
removable protein. The high spatiotemporal precision and high flexibility, which these
complementary GREEN-ON and GREEN-OFF designs provide, were here employed to grow
cells in precise patterns, trigger cell spreading and remove a spatially defined subset of cells
from a surface without the influence of phototoxic UV light. Yet, it should be noted that the
response to low intensities of visible green light and the irreversible dissociation of the CarH
tetramer requires handling and storing these surfaces carefully in the dark or under red light.
Overall, the here presented design principles using CarH as a light responsive ECM
component are an important step towards the biocompatible and spatiotemporal control of
cell-matrix interactions. Given this, we anticipate that these strategies will be useful for the
study of cellular events such as differentiation, cell division, migration and metastasis during
which cell-ECM adhesions play an important role and for applications in tissue engineering

and biomaterial development.
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Chapter 5. Multifunctional streptavidin-biotin conjugates with precise

stoichiometries
Copyright

The following chapter is based on the publication Dongdong Xu and Seraphine V. Wegner,
Chemical Science, 2020, 11, 4422-4429. The results are reprinted with permission from the
Royal Society of Chemistry.

Aim

Streptavidin is used to link different biotinylated molecules thanks to its tetravalent binding
to biotin. One side-effect is the resulting statistical mixtures of products. This work provides
a general approach to form multifunctional streptavidin conjugates with precise
stoichiometries and number of open binding pockets. This method relies on an iminobiotin-
polyhistidine tag, which allows separating streptavidin conjugates with different numbers of
tags, and later reopening binding pockets at lowered pH to introduce a second functionality.
Pure fluorescently labelled mono-, di- and trivalent streptavidin-biotin conjugates prepared in
this way were used for imaging biotinylated cell surface molecules with controlled clustering.
Moreover, these conjugates were functionalized with a second biotinylated molecule, folic
acid-biotin, to investigate the importance of multivalent binding in targeted delivery of cancer

cells. These streptavidin-biotin conjugates combined with a variety of biotinylated molecules

render this method a diverse and powerful tool for molecular biology and biotechnology.
Contributions

| performed all the experiments and analysis including conjugates separation, titration, cell

imaging and quantification. Seraphine V. Wegner proposed the idea and led the project.
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5.1 Abstract

Streptavidin is ubiquitously used to link different biotinylated molecules thanks to its
tetravalent binding to biotin. An unwanted side-effect is the resulting statistical mixtures of
products. Here, a general approach to form multifunctional streptavidin conjugates with
precise stoichiometries and number of open binding pockets is reported. This method relies
on an iminobiotin-polyhistidine tag, which allows separating streptavidin conjugates with
different numbers of tags, and later reopening binding pockets at lowered pH to introduce a
second functionality. Pure fluorescently labeled mono-, di- and trivalent streptavidin-biotin
conjugates prepared this way were used for imaging biotinylated cell surface molecules with
controlled clustering. Furthermore, these conjugates were functionalized with a second
biotinylated molecule, folic acid-biotin, to investigate the importance of multivalent binding
in targeted delivery of cancer cells. These streptavidin-biotin conjugates with precise
stoichiometries combined with a variety of biotinylated molecules render this method diverse

and powerful tool for molecular biology and biotechnology.
5.2 Introduction

The binding of streptavidin to biotin is well-known for the strong noncovalent interaction
with femtomolar affinity (Ks=107*).2*® The high affinity, slow exchange rate, and good
specificity of the biotin-streptavidin interaction has resulted in a wide range of

biotechnological applications including extracellular and in vitro labelling,**™*2

therapeutics,
biosensing and biofunctionalization.”®**> The large range of biotinylated small molecules,
peptides, proteins, antibodies and nucleic acids as well as materials adds to the diversity of
the biotin-streptavidin chemistry. Each streptavidin tetramer has four independent biotin
binding sites. This tetravalence poses a challenge. On the one hand, it allows streptavidin to
be used as a linker between a wide variety of biotinylated molecules with targeting, sensing,
diagnostic and therapeutic functionalities and assembling them into one molecule in a
modular fashion. On the other hand, tetravalence can be a disadvantage as it leads to
statistical mixtures of conjugates when multiple biotinylated molecules are conjugated as
well as unwanted cross-linking and aggregation.’®'® A partial solution to the problems
arising from the multivalence are genetically engineered monovalent versions of streptavidin
with only one active biotin binding site per tetramer, as well as the use of a monomeric
biotin binder, rhizavidin, which can almost achieve multimeric streptavidin-like binding

stability for biotin conjugates.'®*%6% 164 166 Alternatively, (strep)-avidins composed of
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different subunits have been used to integrate different functionalities within one
conjugate.”>”*® These streptavidins have been used to form structurally defined one-to-one
streptavidin-biotin conjugates and image biotinylated cell surface receptors without the
formation of artificial receptor clustering. However, the monovalent streptavidins are unfit as
linkers to assemble streptavidin conjugates with multiple functional groups, or with multiple
copies of a functional group. Given this, a method of assembling multifunctional streptavidin-
biotin conjugates with precise stoichiometries still remains a big challenge and if successful,
it would significantly expand the potential of streptavidin-biotin based technologies.

In this study, we report on a new strategy to assemble multi-functional streptavidin-biotin
conjugates with precise stoichiometries and different valancies. Using native streptavidin we
were able to produce streptavidin (S) conjugates with one (SA1), two (SA;) or three (SA3)
copies of a biotinylated molecule (A), where the residual biotin binding pockets remain open
to introduce a second biotin conjugated functionality. Using this method, we were able to
produce precise fluorescent streptavidin conjugates for cell surface labeling and to investigate
how the number of targeting ligands per conjugate affects cellular uptake. Initial illustrations
show how this method can be used to address a wide range of questions in molecular and cell

biology.
5.3 Results and Discussion

The assembly of multi-functional streptavidin conjugates with precise stoichiometries relies
on two well-established chemistries; the separation of proteins by using different numbers of
His-tags using Ni*-NTA (nitrilotriacetic acid) columns, and secondly, the pH-dependent
binding of iminobiotin to streptavidin (basic pH, K4~10"*! M:; acidic pH, Kg ~107° M).* In
this method, varying numbers of biotin or iminobiotin conjugated His-tags (Bio-His-Tag or

Ibio-His-Tag, respectively) were first introduced to streptavidin (Figure 5.1).

This allowed for the easy separation of species with differing numbers of His-tags and open
biotin binding pockets on a Ni**-NTA column using an imidazole gradient. Subsequently, a
biotin conjugated molecule of choice (A) was coupled to the open binding pockets yielding
pure streptavidin conjugated with precise stoichiometries (S(His-Tag)sA1, S(His-Tag).A,,
S(His-Tag)1As3). In the case of the iminobiotin conjugated His-tag complexes, the His-tag was
released by decreasing the pH to 3.5 and a second biotin conjugated molecule (B) was be
added with a precise stoichiometry (SA1B3,SA2B,, SA3B;).
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Figure 5.1 Strategy for obtaining multifunctional streptavidin-biotin conjugates with defined stoichiometry
(SAsB;, SA,B,, SABs3) using the Ibio-His-Tag (iminobiotin-His-tag). The statistical mixture of the four

@gg Streptavidin Q Ibio-His-Tag Q

streptavidin conjugates with different numbers of Ibio-His-Tags and the biotin-conjugated molecule, A, can be
separated on a Ni**-NTA column based on their number of tags with an imidazole gradient. Once isolated, the
Ibio-His-Tag can be removed from each conjugate at pH 3.5 to open the biotin binding pockets and introduce a

second biotin conjugated molecule, B.

In a first step, to produce stoichiometrically defined streptavidin conjugates with one
functionality, streptavidin, (S = 30 pM) was incubated with a biotin conjugated His6-tag
peptide (Biotin-(His)s, Bio-His-Tag = 90 uM), which yielded a statistical mixture of S,
S(Bio-His-Tag);, S(Bio-His-Tag),, S(Bio-His-Tag)s and S(Bio-His-Tag)s. Subsequently, the
mixture was passed over a Ni**-NTA agarose column; unbound molecules (S) were washed
off and different species were eluted using an imidazole gradient, where species bearing more
tags eluted at higher imidazole concentrations. In the chromatogram there were four clearly
separated peaks that eluted at different imidazole concentrations (relative integrated areas:
19.4% first peak, 14.3% second peak, 20.6% 3™ peak, 45.7% 4™ peak) (Figure 5.2a).

Presumably the ratio of these peaks can be changed using different S to Bio-His-tag ratios. To
demonstrate how each of these peaks corresponds to a single specie with a defined
stoichiometry, the open biotin binding pockets of S(Bio-His-Tag);-4 were titrated with biotin-
5-fluorescein where the fluorescence is quenched upon streptavidin binding (Figure 5.2b-
e).9%% The streptavidin conjugate in the first peak required 3 equivalents of the dye to
saturate all biotin binding sites and therefore was assigned as the S(Bio-His-Tag);. Likewise,

the molecules in the second, third and fourth peaks required 2, 1 and 0 equivalents of dye to
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saturate all biotin binding sites, respectively, and they corresponded to S(Bio-His-Tag),,
S(Bio-His-Tag)s; and S(Bio-His-Tag),, respectively. This assignment is also consistent with

streptavidin conjugates eluting at higher imidazole concentrations having more Bio-His-Tags.
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Figure 5.2 (a) Samples are separated by different concentration of imidazole solution, typically, 30 uM
streptavidin was mixed with 90 uM Bio-His-Tag for 15 min, the mixture was loaded on a Ni**-NTA column and
washed by a concentration gradient of imidazole, S(Bio-His-Tag); (the first peak) occurs at 62.4 mM imidazole
and S(Bio-His-Tag), (the second peak) was separated at 86.3 mM imidazole, peak 3 (S(Bio-His-Tag)s) was
detected at 161.2 mM imidazole and S(Bio-His-Tag), (peak 4) occurs at 196.3 mM imidazole. The open biotin
binding pockets of S(Bio-His-Tag), (b), S(Bio-His-Tag), (c), S(Bio-His-Tag)s (d) were titrated with biotin-5-
fluorescein where the fluorescence is quenched upon streptavidin binding. Result indicates S(Bio-His-Tag),,
S(Bio-His-Tag),, S(Bio-His-Tag); required three, two and one equivalents of the dye to saturate all biotin
binding sites, respectively. () No quench happens in S(Bio-His-Tag), titration experiment, indicates all biotin
binding pockets have been occupied by Bio-His-Tag. (f) MALDI-TOF mass spectrometry of pure streptavidin
(S: m/z 52905), S(Bio-His-Tag),; (m/z 54405), S(Bio-His-Tag), (m/z 55905), S(Bio-His-Tag)s (m/z 57405) and
S(Bio-His-Tag), (m/z 58905).

The identity of the different species was further confirmed with MALDI-TOF mass
spectroscopy. While S and Bio-His-tag have molecular weights of 52905 and 1500 Da
(Figure 5.3a), respectively, the different conjugates of S and Bio-His-Tag have higher
molecular weights (Figure 5.2f). The isolated species with one to four Bio-His-tags had
maximal peaks 54405 Da (S(Bio-His-Tag)1), 55905 Da (S(Bio-His-Tag),), 57405 Da (S(Bio-
His-Tag)s) and 58905 Da (S(Bio-His-Tag),), respectively, which are well in agreement with
the theoretically expected values. Moreover, for species with different numbers of Bio-His-
Tags lower molecular weight peaks were observed due to the dissociation of the Bio-His-Tag

from S in the mass spectrometer. More specifically, there were two peaks for S(Bio-His-
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Tag): (S and S(Bio-His-Tag);) and three peaks for S(Bio-His-Tag), (S, S(Bio-His-Tag); and
S(Bio-His-Tag),), while no peak of S(Bio-His-Tag), were observed for S(Bio-His-Tag):.
These results confirm and fully resolve the molecular structure of the prepared streptavidin

conjugates with defined stoichiometries.
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Figure 5.3 (a) MALDI-TOF mass spectrum of biotin-(His)e (Bio-His-Tag). The molecular weight is 1500 g/mol.
(b) S(Bio-His-Tag), were stored at 4 <€, room temperature (RT) and 37 <€ separately for one day, then was
loaded on Ni**-NTA column and washed by elution buffer. (c) There is no change for samples stored at 4 € and
room temperature after five days, while 70% S(Bio-His-Tag), kept stable if stored at 37 <€ for five days, 8.4%
and 21.6% S(Bio-His-Tag), changed to S(Bio-His-Tag); and S(Bio-His-Tag)s, respectively (black arrow).
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Figure 5.4 (a) Chromatogram of standard protein mixture and (b) blue dextran 2000 on HilLoad™ 16/600,
Superdex™ 200 pg size exclusion column. Elution volumes (V,) for each protein were determined as maximum
peak height: peak 1 at 47.2 mL for thyroglobulin (669 kDa), peak 2 at 65.2 mL for ferritin (440 kDa), peak at
73.0 mL for aldolase (158 kDa), peak 4 at 82.7 mL for conalbumin (75 kDa) and peak 5 at 88.7 mL for
ovalbumin (44 kDa). The void volume (V,) is the first eluted peak in b) at 45.9 mL. (c) Standardization curve of
Kav Versus protein molecule weight. (d) Chromatogram of different streptavidin conjugates (S(Bio-His-Tag),
(trivalent), S(Bio-His-Tag), (divalent) and S(Bio-His-Tag)s (monovalent)) reacted with biotinylated mOrange.
The molecular weights: mOrange (31.3 kDa) streptavidin (53 kDa), Bio-His-Tag (1.5 kDa). The peaks in the
chromatogram were for the reaction of biotinylated mOrange with S(Bio-His-Tag);, S(Bio-His-Tag), and S(Bio-

His-Tag); were at 79.8 mL, 81.8 mL and 83.5 mL, respectively. The theoretical molecular weight was
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calculated assuming that all remaining open binding pockets were occupied by biotinylated mOrange. S(Bio-
His-Tag),03 (theo. 148.4 kDa, exp. 141.0 kDa), S(Bio-His-Tag),0, (theo. 118.6 kDa, exp. 108.6 kDa) and
S(Bio-His-Tag)s0; (theo. 88.8 kDa, exp. 81.3 kDa). The theoretical and experimental molecular weights were in

agreement showing that the open binding pockets were indeed occupied by biotinylated mOrange.

The isolated S(Bio-His-Tag);, S(Bio-His-Tag), and S(Bio-His-Tag)s; conjugates are
equivalent to trivalent, divalent and monovalent streptavidin and can be used to form precise
conjugates with a large variety of biotinylated molecules including small molecules, peptides,
proteins, DNA and antibodies. As an example, biotinylated mOrange (orange fluorescent
proteins, O, 31.3 kDa) was reacted with the streptavidin (53 kDa) conjugates of varying
valences. Each of the conjugates eluted at a different volume on a size exclusion column, and
the molecular weights determined, based on a protein standard, were in agreement with the
theoretically expected value. S(Bio-His-Tag):03 (theo. 148.4 kDa, exp. 141.0 kDa), S(Bio-
His-Tag),0, (theo. 118.6 kDa, exp. 108.6 kDa) and S(Bio-His-Tag)s;O; (theo. 88.8 kDa, exp.
81.3 kDa) a protein standard (Figure 5.4). The agreement between theoretical and
experimental values supports the assigned structures and shows the great potential of this
approach to form precise protein conjugates. For the success of this approach, the slow
exchange rate of the Bio-His-Tag with streptavidin is required so that species isolated in
different peaks do not interconvert. To test the kinetic stability, purified S(Bio-His-Tag), was
stored at 4 <C, room temperature (RT), and at 37 <C. After 1 and 5 days, the samples were
loaded onto the Ni**-NTA column and eluted using an imidazole gradient (Figure 5.3b, 5.3c).
The S(Bio-His-Tag), stored at 4 <C and RT for up to five days eluted as a single peak as did
the fresh sample (0 day), demonstrating the long-term stability of isolated species. Even at
37 <T after one day, there is not significant changes for S(Bio-His-Tag),, while after five
days at 37 T, 30 % of S(Bio-His-Tag), converted into S(Bio-His-Tag); and S(Bio-His-tag)s.
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Figure 5.5 (a) Chromatogram of the reaction mixture of streptavidin (S) (30 M), which was first reacted with
Ibio-His-Tag (90 M) for 15 min and then with atto-565-biotin (A) (50 uM) for 15 min, separated on a Cu®'-
NTA column using an imidazole gradient. The elution of different species was monitored through the
absorbance 280 nm (both streptavidin and atto-565-biotin absorb) and 563 nm (only atto-565-biotin absorbs).
The different S(Ibio-His-Tag),As., species eluted at increasing imidazole concentrations as the numbers of Ibio-
His-Tags increases from 1 to 4. First peak at 6.9 mM imidazole was S(Ibio-His-Tag);As, second peak at 8.0
mM imidazole was S(Ibio-His-Tag),A,, third peak at 9.6 mM imidazole was S(Ibio-His-Tag)sA; and the fourth
peak at 14.0 mM imidazole S(lbio-His-Tag), (only observed in the absorbance at 280 nm since it does not
contain atto-565-biotin). The relative areas of the peaks are: 5.1% 1% peak, 42.6% 2" peak, 26.7% 3" peak and
25.6% 4" peak. (b-e) The Ibio-His-Tag was removed from the different S(Ibio-His-Tag).A... species through
acidification to yield the corresponding SA,... The open biotin binding pockets of (b) SAs, (c) SA,, (d) SA; and
(e) S were titrated with the fluorophore biotin-5-fluorescein, which is quenched upon binding to streptavidin.
SAs, SA,, SA; and S required 1, 2, 3 and 4 equivalents the dye to saturate all biotin binding sites, respectively. (f)
The UV-vis absorption spectra of SA;, SA, and SA; measured by Nanodrop. The absorbance at 280 nm and 532

nm were used confirm the stoichiometry of these streptavidin conjugates.

In the second step, in order to produce precise streptavidin conjugates with two different
functional groups, we used an iminobiotin conjugated His-tag (Ibio-His-Tag) instead of the
Bio-His-Tag. The Ibio-His-Tag is removable from the streptavidin complex at a lower pH
(pH 3.5) and can be used to reopen biotin binding pockets in isolated streptavidin conjugates
with precise stoichiometry and a first functionality. The new biotin binding pockets can then
be used to introduce a second biotin conjugated molecule. In initial experiments, we noticed
that the streptavidin-lbio-His-Tag complexes had a lower affinity on the Ni**-NTA column.
A potential reason for this could be the different orientations of biotin and iminobiotin in the
streptavidin binding pocket. While serine 27 of streptavidin acts as a H-bond donor for biotin,
it is a H-bond acceptor for iminobiotin.?®* Consequently, the exposure of the connected His-
tags could also be affected. To increase the affinity to the column and later separation of
different species, the His6-tag was extended to a His12-tag, which increases the number of
ligands that can bind to the column and the Ni?*-NTA column was replaced with a Cu**-NTA
column, as Cu®* has a higher binding affinity towards His-tags than Ni?*.2% To produce the
Ibio-His-tagged streptavidin, streptavidin (namely S, 30 M) was incubated with the Ibio-
His-Tag (iminobiotin-(His);,= 90 M) for 15 min. Additionally, to simplify the procedure,
the first biotin conjugated molecule, atto-565-biotin (namely A, 50 M), was subsequently
added to the reaction mixture and incubated for 15 min before the separation of different
species (S(Ibio-His-Tag):1As, S(Ibio-His-Tag),A,, S(Ibio-His-Tag)sA1, S(Ibio-His-Tag)s) over
the Cu”*-NTA column using an imidazole gradient. In the chromatogram, four peaks were
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visible in the absorbance channel at 280 nm, but only the first three absorbed at 563 nm,
where atto-565 absorbs (Figure 5.5a, relative integrated areas at 280 nm: 5.1% first peak,
42.6% second peak, 26.7% 3™ peak and 25.6% 4™ peak). To confirm the identity of the
species in each peak, first the Ibio-His-Tag was removed by lowering the pH to 3.5 and by
dialysis, and subsequently the streptavidin species were titrated with biotin-5-fluorescein as
described above (Figure 5.5b-f). The streptavidin species in the first peak reacted with 1
equivalent of biotin-5-fluorescein and was therefore identified as SAs, which carried 1 Ibio-
His-Tag before the acidification. Similarly, the species in the following peaks reacted with 2,
3 and 4 equivalents of biotin-5-fluorescein, respectively, and were identified as SA, (two
open biotin sites), SA; (three open biotin sites) and S (four open biotin sites). Moreover, this
assignment was also supported the relative absorbance of the conjugates in the UV-vis at 280
nm where streptavidin and atto-565 absorb and 532 nm where only atto-565 absorbs (Figure
5.6a). Using the Ibio-His-Tag, we were able to prepare fluorescently labeled mono- (SAs3), di-
(SA,) and tri- (SA;) valent streptavidins without genetic manipulation. The atto-565-biotin
used in this protocol can easily be replaced by another biotin conjugated molecule of choice.
The straightforward preparation of these functionalized streptavidin derivatives with defined
valences for the introduction of a second biotin coupled molecule offers us a new domain in

which to expand and develop the many applications of biotin-streptavidin chemistry.

a) Aago g0 (M' Cago(M) | Asz g5 (M Css(uM)
cmt) cm!)
SA,; 0.0653 78060 8.37 0.0801 91835 8.71
SA, 0.0664 114794 5.78 0.1108 183670 5.99
SA; 0.1296 151528 8.55 0.2243 275505 8.14
b) #A Cons. (nM) Fluorescence = Fluorescence | Relative fluorescence
/mM brightness
SAF; 1 466 2200 4721 1
SA,F, 2 378 2414 6.386 1.353
SA;F, 3 319 2927 9.176 1.944

Figure 5.6 (a) The concentrations of SA;, SA, and SA; were calculated based on the extinction coefficients of
pure streptavidin (41326 M™ cm™ at 280 nm) and atto-565-biotin (36734 M cm™ at 280 nm and 91835 M™*cm™
at 532 nm) and the stoichiometry of the streptavidin conjugate. Light path= 1 mm, €559 (SA;) = €280 (S) + n X €259
(A). es32 (SA,) = n X €53, (A). The concentrations determined based on the absorbance at 280 nm and 532 nm
were in agreement confirming the assumed stoichiometry of the SA;.;. (b) The relative fluorescence brightness’s
of SA;F;, SA,F, and SAsF; were measured in solution and used to normalize the fluorescence intensities

measured in confocal images for quantification in Figure 5.10g.
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Figure 5.7 Confocal microscopy images of biotinylated cell-surface proteins using sulfo-NHS-LC-biotin which

were fluorescently labelled with trivalent (SA,) (a-c), divalent (SA,) (d-f) and monovalent (SAz) (g-i)
streptavidin-atto-565-biotin conjugates. Artificial protein clustering induced by trivalent (SA;) and divalent
(SA,) conjugated results in protein internalization over time but not the monovalent (SA3) conjugate. Cell nuclei

were stained with TO-PRO-3. Scale bars are 10 pum.

One area where fluorescently labelled monovalent streptavidins are especially useful is in the
imaging of biotinylated cell surface molecules. Unlike monovalent streptavidins, multivalent
streptavidins lead to artificial clustering of the biotinylated surface molecules, resulting in
altered biological response and cell uptake. Given this, the atto-565-biotin labelled
monovalent streptavidin SA; described above is ideal for the visualization of biotinylated cell
surface molecules. For this purpose, the cell membranes of MDA-MB-231 cells were first

randomly biotinylated using sulfo-NHS-LC-biotin'®®

and subsequently the cell membranes
were labeled with SAs, SA, or SA;, which was visible under the confocal microscope
(Figure 5.7). However, the fluorescence staining appeared different for different atto-565-
biotin-streptavidin conjugates over time, as membrane proteins quickly internalize when they
are cross-linked.™® ** The cells labeled with monovalent SA; were stained at the
membrane’s periphery and even after 30 minutes hardly any labeled protein was internalized.
On the other hand, cells incubated with divalent SA; and trivalent SA; showed significant
protein internalization after just 10 minutes, where this effect was more pronounced for SA;.
The conclusions were also supported quantitatively based on the intracellular fluorescence

intensity (Figure 5.8a). The fluorescently labelled monovalent streptavidin, SAs, can actually
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be used at concentrations as low as 0.05 pM for clearly cell surface labelling with high
sensitivity (Figure 5.9, 5.8b). Thus, it is a good alternative to current monovalent
streptavidins, which require an additional labelling step with the fluorophore and are only
labelled statistically.
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Figure 5.8 (a) Intracellular fluorescence intensity of cells with biotinylated surface proteins and labelled with
different streptavidin conjugates. 25 cells were analysed per data point. The error bars represent the standard
error. (b) Fluorescence intensity at the cell membrane of cells in Figure 5.9. For each concentration 15 cells
were analysed. The error bars represent the standard error.

Figure 5.9 (a) Fluorescent images in the atto-565 channel of cells with biotinylated surfaces, which were

incubated with different concentrations of SA;. a) 0 pM b) 0.05 pM. ¢) 0.1 pM. d) 0.5 pM. e) 1.0 M and f) 1.5
M. Scale bar: 25 pm.
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Figure 5.10 Confocal microscopy images of folate-receptor positive MDA-MB-231 cells (a-c) and folate-
receptor negative MCF-7 cells (d-f) incubated with atto-565 (A) (shown red) labelled folic acid (F) streptavidin
conjugates with different stoichiometries. Cells were incubated with 1M SA;F; (a, d), SAF, (b, ) or SAsF; (c,
f) in RPMI-1640 (no folic acid) medium for 4 h at 37 C. Cell nuclei were stained with DAPI (shown blue).
Scale bars are 50 um. (g) The fluorescence intensities of different streptavidin conjugates in MDA-MB-231 and
MCF-7 cells, normalized to the relative brightness’s of the conjugates. The fluorescent intensity for all
streptavidin conjugates is higher in MDA-MB-231 cells than in MCF-7 cells but increasing numbers of folic

acid in the conjugates do not result in higher uptake.

The open biotin binding pockets in the fluorescently labelled streptavidins can also be used to
introduce a second functionality with precise molecular stoichiometry. For instance, we
added folic acid, an active and selective targeting molecule for aggressive cancer cells that
overexpress the folic acid receptor on their surfaces.?>?®® The folic acid and atto-565 labelled
streptavidins allowed us to determine whether the number of folic acid groups per molecule
impact cellular uptake by using the signal from the fluorescent label. For this purpose, pure
SAs, SA; and SA; were each incubated first with excess folic acid-PEG-biotin (F) for 20 min
and then excess F was removed by dialysis. The final conjugates, SAsF;, SA;F, and SA;F;
were tested on two different cell lines: folate receptor-positive MDA-MB-231 and folate
receptor-negative MCF-7. After 4 h of incubation the fluorescence signal from the atto-565
was much brighter in the MDA-MB-231 cells than in the MCF-7 cells (Figure 5.10a). The
uptake was clearly due to the folic acid as cells incubated with SA;, SA, and SA3 were not
significantly fluorescent (Figure 5.11). For quantification, the fluorescence intensities of
SAF3, SAF, and SAszF; in both MDA-MB-231 and MCF-7 cells were measured and
normalized to the relative brightness of the streptavidin-atto-565 species (Figure 5.10b, 5.6b).

This analysis shows that all three streptavidin-folic acid conjugates were taken up equally
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well by the folic acid receptor positive cell line MDA-MB-231 independent of the number of

folic acids in its structure.
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Figure 5.11 (a) Confocal microscopy images of folate-receptor positive MDA-MB-231 cells incubated with
atto-565 (A) (shown red) streptavidin conjugates with different stoichiometries. Cells were incubated with 1M
SA;, SA; or SA; with RPMI-1640 (no folic acid) medium for 4 h at 37 C. Cell nuclei were stained with DAPI
(shown blue). Scale bars are 50 um. (b) Confocal microscopy images of folate-receptor negative MCF-7 cells
incubated with atto-565 (A) (shown red) streptavidin conjugates with different stoichiometries. Cells were
incubated with 1M SA;, SA, or SA; with RPMI-1640 (no folic acid) medium for 4h at 37 C. Cell nuclei were
stained with DAPI (shown blue). Scale bars are 50 um.

5.4 Conclusions

In summary, we demonstrated that the Bio-His-Tag and Ibio-His-Tag can both be used to
prepare multifunctional streptavidin-biotin conjugates with precise stoichiometry and
structure. This method, as demonstrated in two examples, can be widely applied and is highly
adaptable. It is an ideal approach to answer questions in molecular biology and for
biotechnological applications. We used fluorescently labeled monovalent (SAs), divalent
(SA;) and trivalent (SA;) streptavidin for imaging biotinylated cell surface molecules and
investigated the importance of multivalent cell receptor interactions with folic acid in the
cellular uptake and targeting (SAsF1, SA,F, and SA;F3). The wide variety of commercially
available biotinylated molecules ranging from small molecules and peptides to proteins,
nucleic acids and antibodies, as well as the Bio-His-Tag and Ibio-His-Tag, all make this
method extremely versatile and accessible. The potential diversity in precise streptavidin-
biotin conjugates opens the door to building new bio- and nanostructures and will play a
significant role in expanding the well-established status of streptavidin-biotin chemistry in

biotechnology.?%%%®’
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Chapter 6. Precise tetrafunctional streptavidin bioconjugates towards

multifaceted drug delivery systems
Copyright

The following chapter is based on the publication Dongdong Xu, Astrid Johanna Heck, Seah
Ling Kuan, Tanja Weil and Seraphine V. Wegner, Chemical Communications, 2020, DOI:
10.1039/DOCCO04054A. The results are reprinted with permission from the Royal Society of
Chemistry.

Aim

Precise macromolecules with multiple functionalities are required for many biomedical
applications, especially drug delivery. But their preparation is a challenge due to many
functionalities and the rich surface chemistries. This work provides a method to prepare
stoichiometrically precise tetrafunctional streptavidin conjugates is presented with an
exemplary structure combining exactly one fluorescent label, one cell targeting group, one
nucleus penetrating peptide and one drug molecule. The systematic introduction of each
functionality allows studying its effect on viability, targeting and efficacy, which improves
our understanding on the essential features of drug delivery agents and of course enables
optimization. Overall, such precise tetrafunctional streptavidin conjugates open the door for
combinatorial multifunctional libraries of exact streptavidin taking advantage of a wide

repertoire of biotinylated molecules (proteins, peptides, antibodies, small molecules, lipids
and nucleic acids) based on the well-established biotin-streptavidin interaction.

Contributions

| performed most of the experiments including preparation of tetrafluorophore streptavidin
conjugates, titration, FRET measurement, separation of tetrafunctional streptavidin conjugate
(SA;F.D1Cy) with atto-565 (A), folic-acid (F), doxorubicin (D) and nucleus penetrating
peptide (C), cellular uptake of streptavidin conjugates and microscopy, MTT assay. Astrid
Johanna Heck prepared doxorubicin-biotin and cell nucleus location peptide. Seah Ling Kuan
and Tanja Weil contributed for the paper discussion and writing. Seraphine V. Wegner

proposed the idea and led the project.
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6.1 Abstract

The preparation of precise macromolecules with multiple functionalities remains a challenge
in drug delivery. Here, a method to prepare stoichiometrically precise tetrafunctional
streptavidin conjugates is presented with an exemplary structure combining exactly one
fluorescent label, one cell targeting group, one nucleus penetrating peptide and one drug

molecule.
6.2 Introduction

In drug delivery, the availability of macromolecules combining several different
functionalities is often crucial to impart bioactivity, traceability and labelling. Beside the
cytotoxicity of a drug designed as an anti-cancer agent, its targeted delivery to the right cell
type and intracellular location as well as the real-time monitoring of the therapeutic are all
desired features to increase the efficacy and safety.?*?®® Yet, combining multiple functional
groups in a single macromolecule is non-trivial.}™® 2792”3 Multifunctionalization has mostly

been realized with nanocarriers®’*

that are large enough to harbor many molecules but with
limited control of the number of functional groups that are incorporated. These have been
decorated with targeting ligands like antibodies?”®> or peptides®”® and loaded with known
small molecule drugs and imaging probes.?’’?® Macromolecular drugs with many
functionalities are far less common, due to the challenges in synthesis, solubility and
preserving the activity. Even more important, general methods for the straightforward
optimization of multifunctional molecules that would allow for efficient design and screening

are missing.

Multivalent protein assemblies, which provide the advantages of simple production,
monodisperse size and structure,’® have been developed for specific targeting and delivery.
In particular, streptavidin with its four independent biotin binding pockets, extraordinarily
high affinity (Kq=10"*) and low exchange rates is an attractive scaffold.’®* Moreover, the
mature biotin labelling technology provides a large repertoire of biotinylated molecules with
targeting, sensing, diagnostic and therapeutic entities. Yet, it is still challenging to produce
structurally defined streptavidin conjugates with more than one type of biotin labeled
molecule and precise stoichiometry. More precisely, when four different biotinylated
molecules are mixed with streptavidin, a statistical mixture forms where only 1 of the 35
possible products is the desired tetrafunctional one. It is challenging if not impossible to

separate the desired product, which contains all four functional labels from the mixture of
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defective structures and would result in extremely low yield. So far, only precise streptavidin
conjugates with four different single stranded DNA have been prepared, which limits the type
of functional groups in the macromolecular assembly.'”® Other approaches to deal with
multivalency or desymmetrization of streptavidin include the development of monovalent
streptavidin to specifically label one receptor at the cell surface without artificially inducing
clustering®®* and to use solid support-based assemblies to sterically block some of the biotin
binding sites.”®” Nevertheless, incorporating more than two functional entities without

restriction on one streptavidin in a controlled fashion is still elusive.

Herein, we describe a general method to prepare stoichiometrically exact tetrafunctional
streptavidin conjugates offering great flexibility in conjugated molecules. For example, we
combined a fluorescent label (atto-565-biotin), a cell type specific targeting group (folic acid-

279 and an anti-

biotin), a nuclear localization peptide (nucleus penetrating peptide-biotin)
cancer drug (doxorubicin-biotin) within one conjugate, which allowed for a more specific and

efficient cellular toxicity towards cancer cells and its simultaneous detection.
6.3 Results and Discussion

The assembly of precise tetrafunctional streptavidin conjugates relies on a peptide with an
iminobiotin and 12 histidines, named the Ibio-His-tag. First of all, the Ibio-His-tag allows
separating streptavidin (S) conjugates with different numbers of bound Ibio-His-tags on a
Cu?*-NTA column using an imidazole elution gradient (S(Ibio-His-tag):.4).2%* Secondly, the

pH-dependent binding of iminobiotin to streptavidin®*®

allows releasing the Ibio-His-tag from
the conjugates by lowering the pH to 3.5 and linking a biotinylated molecules with precise
stoichiometry. Previously reports have shown the preparation of monofunctional streptavidin

conjugates with precise stoichiometries and different vacancies using this method.?*

Building on this chemistry and repeating it over multiple cycles, we assemble in a step by
step fashion up to four biotinylated molecules; in this case various fluorophores, on a single
streptavidin with exact control over the stoichiometry (SA;1B;:C1Ds, S: streptavidin, A: atto-
565-biotin, B: atto-425-biotin, C: atto-665-biotin, D: biotin-5-fluorescein) (Figure 6.1). To
introduce the second biotinylated molecule, we started with a mono atto-565 labeled
streptavidin, SA;, with three available biotin binding pockets, which was prepared as
described previously.?®® When SA; (1 uM) was incubated with a secondbiotinylated molecule,
atto-425-biotin (B = 2 M) and the Ibio-His-tag (2 V), a statistical mixture composed of
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Figure 6.1 Strategy for preparing tetrafunctional streptavidin-biotin conjugates. a) Four different biotinylated
molecules for therapeutic activity, cell targeting, intracellular localization and theranostics are combined into
one streptavidin conjugate. b) Each of the functionalities is added one by one going through cycles of forming
statistical mixtures of products containing different numbers of Ibio-His-tags, which are separated on a Cu®*-
NTA column. The biotin binding pockets made accessible again at lower pH, allowing the repetition of the
synthesis and purification cycles.

SA;1B3, S(Ibio-His-tag)1A1B,, S(Ibio-His-tag),A1B1 and S(Ibio-His-tag);A; formed. Then, the
mixture separated on a Cu®*-NTA agarose column, where conjugate without the tag, SA;Bs,
was washed off and species bearing higher numbers of tag eluted at higher imidazole
concentrations. In the chromatogram, three peaks with an absorbance typical for atto-565 (A)
at 563 nm were observed, but only the first two absorbed at 436 nm typical for atto-425 (B)
(Figure 6.2a). Thus, the peaks with increasing imidazole concentration were assigned as
S(Ibio-His-tag)1A;B,, S(Ibio-His-tag),A;B; and S(Ibio-His-tag)sAs, respectively.
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Figure 6.2 Preparation and characterization of difunctional streptavidin conjugates. (a) Chromatogram of the
reaction mixture of SA,, atto-425-biotin and Ibio-His-tag. 1% peak: S(Ibio-His-tag),A;B, (27.8 mM imidazole,
area 9.7%), 2" peak: S(Ibio-His-tag),A;B; (43.6 mM imidazole, area 85.2%), 3" peak: S(Ibio-His-tag)sA; (63.2
mM imidazole, area 5.1%). SA;B; (area 2.5%) washed off without imidazole. The accessible biotin binding
pockets of the species in the (b) 1% and (c) 2" peak were titrated with biotin-5-fluorescein, which is quenched
upon streptavidin binding. S: streptavidin, A: atto-565-biotin, B: atto-425-biotin.
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To confirm the identity of the species, first the Ibio-His-tag was removed at lowered pH to
yield well defined difunctionalized streptavidin conjugates with available biotin binding
pockets, SA;1B, and SA;B;. Subsequently, the number of accessible biotin binding pockets
was determined through the titration with biotin-5-fluorescein, which is quenched upon
binding to streptavidin (Figure 6.2b, 6.2¢).?®® The streptavidin conjugate in the first peak,
which carried one Ibio-His-tag before the acidification, SA;B,, reacted with one equivalent of
biotin-5-fluorescein. The species collected in the second peak, SA;B;, reacted with two

equivalents of biotin-5-fluorescein.

The third biotinylated molecule was added onto the SA;B; bioconjugate repeating the same
protocol. Shortly, SA1B; (A: atto-565-biotin, B: atto-425-biotin, 1 M) was incubated with
atto-665-biotin (C, 1.5 pM) and Ibio-His-tag (1.5 M) and the reaction products were
separated on a Cu®*-NTA agarose column. While the specie without the biotin tag, SA:B:C,
did not bind to the column, two species eluted at different imidazole concentrations (Figure
6.3a). The first peak was assigned as S(Ibio-His-tag);A1B1C; because it only has one Ibio-
His-tag and was the only species to absorb at 663 nm typical for atto-665 (C). The second

peak at higher concentrations, was identified as S(Ibio-His-tag),A;B; since it has two tags.
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Figure 6.3 Preparation and characterization of tri- and tetra-functional streptavidin conjugates. (a)
Chromatogram of the reaction mixture of SA;B;, atto-665-biotin and lbio-His-tag. 1% peak: S(lbio-His-
tag);A:B:C; (34.1 mM imidazole, area 84.5%), 2" peak: S(Ibio-His-tag),A;B; (41.5 mM imidazole, area 16.5%).
SAB;C, (area 2.3%) washed off without imidazole. (b) SA;B,C; required one equivalent of the biotin-5-
fluorescein in the titration to saturate the biotin binding site, forming the tetrafunctional streptavidin conjugate,
SA;B;C;D;. (¢) Fluorescence emission spectrum (Ag= 400 nm) of the precise SA;B;C; and a statistical mixture
of streptavidin conjugates (S mixed with 1 equivalent of A, B and C). S: streptavidin, A: atto-565-biotin, B:
atto-425-biotin, C: atto-665-biotin, D: biotin-5-fluorescein.

Finally, to form an exact tetrafunctional streptavidin conjugate, SA;B1C1D;, it is sufficient to

remove the Ibio-His-tag from S(Ibio-His-tag)i1A:B1C; at lowered pH and add one equivalent

of the desired biotinylated molecule. When the above prepared SA;B;C; was titrated with
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biotin-5-fluorescein (D), it reacted with one equivalent yielding SA;B;C;D; (Figure 6.3b).

This experiment confirms the structure of the SA;B;C; with one open biotin binding pocket.

The importance of forming precise multifunctional streptavidins and not statistical mixtures
was already apparent from the F&ster resonance energy transfer (FRET) in SA1B1C; (A:
atto-565-biotin, B: atto-425-biotin, C: atto-665-biotin). In this stoichiometrically precise
conjugate with three different fluorophores, which cover different parts of the visible
spectrum (Figure 6.4a), are in close proximity. Consequently, when we excited the atto-425
at 400 nm, there were three emission peaks at 476, 594 and 690 nm for atto-425, atto-565 and
atto-665, respectively (Figure 6.3c). On the other hand, when we formed a statistical mixture
of conjugates by mixing one equivalent of each of the three fluorophores with streptavidin,
there was only one peak at 476 nm upon excitation at 400 nm. Moreover, the characteristic
UV-Vis absorbance peaks of the three fluorophores in SA;B;C; support the stoichiometry of
the complex (A:B:C =1.0:1.2:1.0) (Figure 6.4b).
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Figure 6.4 (a) Emission spectra of fluorescent conjugates (atto-425-biotin (excitation at 400 nm), atto-565-
biotin (excitation at 505 nm) and atto-665-biotin (excitation at 625 nm)). (b) Absorbance spectrum of SA;B,C;
(S: streptavidin, A: atto-565-biotin, B: atto-425-biotin, C: atto-665-biotin). The ratio of A:B:C was determined
to be 1.0: 1.2: 1.0 based on the extinction coefficients of the pure A, B and C at 535 nm, 440 nm and 665 nm.

Next, we set out to combine four functionalities in one streptavidin conjugate to underline the
potential for designing cancer theranostics. For this purpose, integrated the following
functionalities within a single macromolecule: i) atto-565-biotin (A) as a fluorescent label for
tracking the fate of the conjugates, ii) folic acid-PEG-biotin (F) for selective targeting of folic
acid receptor positive cancer cells such triple negative breast cancer cells (MDA-MB-231),%%°
iii) doxorubicin-biotin (D, Figure 6.5) as a broadly applied anti-cancer drug and iv) a nucleus
penetrating peptide-biotin (C, Figure 6.6) for the targeted delivery of doxorubicin to the

relevant subcellular compartment.?®® Each of these biotinylated molecules was added
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sequentially according to the above order following the same method as described above
(Figure 6.7 and 6.8).
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Figure 6.5 (a) The chemical structure of doxorubicin-biotin. (b) *H NMR of doxorubicin-biotin (MeOD-d4, 300
MHZz). (c) LC-Spectrum, Tg= 0.75 DMF, Tg= 5.5 Doxorubicin-biotin. ESI(+) left and ESI (-) right.
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Figure 6.6 (a) The chemical structure of biotin-NH-PKKKRKVC-COOH. (b) LC-Spectrum, Tg= 3.91, Biotin-

PKKKRKVC. ESI (+) left and ESI (-) right.
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Figure 6.7 Preparation and characterization of streptavidin conjugates with fluorophore and folic acid
functionality, (SA;F, and SA;F,). (a) A statistical mixture of products formed by mixing 10 uM SA; first with
20 uM Ibio-His-tag for 15 min, then 20 uM F (folic acid-biotin) was separated with a linear imidazole gradient
on a Cu?*-NTA column. S(Ibio-His-tag);A;F, (the first peak) eluted at 28.4 mM imidazole, S(Ibio-His-tag),A;F;
(the second peak) eluted at 38.7 mM imidazole and S(Ibio-His-tag)sA; (third peak) eluted at 74.2 mM imidazole.
The Ibio-His-tag was removed from the different S(Ibio-His-tag),A.Fs., species through acidification to yield
the corresponding SA;Fs.,. The open biotin binding pockets of SA;F, (b), SA;F; (c) and SA; (d) were titrated
with biotin-5-fluorescein, where the fluorescence of biotin-5-fluorescein is quenched upon binding to
streptavidin. The conjugates SAF,, SA;F; and SA; required one, two and three equivalents of biotin-5-
fluorescein to saturate all biotin binding sites, respectively.
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Figure 6.8 Preparation and characterization of streptavidin conjugates with fluorophore, folic acid and
doxorubicin functionality, (SA;F;D;). (a) A statistical mixture of products formed by mixing 10 uM SA;F; first
with 15 uM Ibio-His-tag for 15 min, then 15 uM D (doxorubicin-biotin) was separated with a linear imidazole
gradient on a Cu®-NTA column. S(Ibio-His-tag),A;F.D; (the first peak) eluted at 23.1 mM imidazole and
S(Ibio-His-tag),AF; (the second peak) eluted at 41.5 mM imidazole. The Ibio-His-tag was removed from the
different conjugates through acidification to yield the corresponding SA;F;D, and SA;F;. The open biotin
binding pockets of SA;F;D, (b) and SA;F; (c) were titrated with biotin-5-fluorescein, where the fluorescence of
biotin-5-fluorescein is quenched upon binding to streptavidin. The conjugates SA;F;D; and SA;F; required one

and two equivalents of biotin-5-fluorescein to saturate all biotin binding sites, respectively.
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Each of the biotinylated molecules within the tetrafunctional streptavidin conjugate should
contribute to the overall function. For example, a conjugate without the doxorubicin should
not be toxic to cancer cells and a conjugate without the folic acid should not to be selective
for folate receptor positive cancer cells resulting in increased side effects. To demonstrate the
added value of each functionality, we conducted a series of experiments using the

tetrafunctional conjugate together with controls of conjugates.

The folic acid in the conjugate is supposed to increase the selectivity for cancer cell types,
which are folate receptor positive. To demonstrate this point, the uptake of streptavidin
conjugates with (SA;F1, SA1F; and SA;F3) and without folic acid (SA;) was evaluated in the
folate receptor positive breast cancer cells, MDA-MB-231, and folate receptor-negative
MCF-7 cells. After 4 h incubation the fluorescence signal from the atto-565 (A) in the
conjugates showed that MDA-MB-231 cells incubated with different SAF conjugates were
much brighter than MCF-7 cells (Figure 6.9a and Figure 6.10, 6.11, 6.12a). Moreover, the
uptake in MDA-MB-231 cells was clearly due to the folic acid as cells incubated with SA; (A:
atto-565-biotin) were not significantly fluorescent.
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Figure 6.9 (a) Confocal microscopy images of MDA-MB-231 (folate receptor positive) and MCF-7 (folate
receptor negative) cells incubated with SA;F; and MDA-MD-231 cells incubated with SA;. (b) MDA-MB-231
cells were incubated with SA;F;, SA;F;D; or SA;F;D;C; in RPMI-1640 medium. Atto-565 fluorescence shown

in red and nuclei stained with DAPI are shown in blue. Scale bars are 25 um. S: streptavidin, A: atto-565-biotin,
F: folic acid-biotin, D: doxorubicin-biotin, C: nucleus penetrating peptide-biotin.

82



Next, we evaluated the function of D (doxorubicin) and C (nucleus penetrating peptide) and
their cooperativity in terms of the localization in the cells and cell toxicity. In particular, as
doxorubicin stops DNA replication,?®* we aimed to deliver it into the cell nucleus using this
peptide. We found that the trifunctional streptavidin conjugate SA;F1D; and tetrafunctional
conjugate SA;F;D1C; localized differently, when incubated with MDA-MB-231 cells
(Figure 6.9b). While SA;F,D; localized in the cytoplasm and was excluded from the nucleus,
SA;F1D;C; with the nucleus penetrating peptide localized in the nucleus, as observed under
the confocal microscope. This finding was further supported through the quantification of the

fluorescence signal within the nucleus of the cells (Figure 6.12b).
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Figure 6.10 Confocal microscopy images of MDA-MB-231 cells incubated with different streptavidin-biotin
conjugates. Cells were incubated with 1 M SA;, SA;F, or SA;F3 in RPMI-1640 medium for 4 h at 37 €, 5%

CO,. Atto-565 fluorescence from the conjugates is shown in red and cell nuclei stained with DAPI are shown

blue. Cells not incubated with any streptavidin conjugate were used as blank. Scale bars are 25 pm.
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Figure 6.11 Confocal microscopy images of MCF-7 cells incubated with multifunctional streptavidin-biotin
conjugates. Cells were incubated with 1 M SA;, SA;F, or SA;F3 in RPMI-1640 medium for 4 h at 37 <€, 5%

CO,. Atto-565 fluorescence from the streptavidin conjugates is shown in red and cell nuclei stained with DAPI

SAF, SA, Blank

SAF,

are shown blue. Cells not incubated with any streptavidin conjugate were used as blank. Scale bars are 25 um.
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Next, we tested the cell toxicity of the multifunctional streptavidin conjugates in MDA-MB-
231 and MCF-7 cells. The cell viability as measured using the MTT test after 72 h, showed
that the tetrafunctional SA;F1D;C; was the most effective drug against the aggressive MDA-
MB-231 cells (Figure 6.13). In SA;F;D;1C; and SA;F;D; the folic acid was responsible for
the higher cell toxicity in MDA-MB-231 cells compared to MCF-7. While SA;F1D;C; and
SA;1F;D; had 1Cs (50% inhibitory concentration) of 0.5 piM and 0.74 piv for MDA-MB-231
cells, respectively, their 1Csy for MCF-7 cells were higher at 2 M and 2.62 UM, respectively.
This amounts to a fourfold selectivity for MDA-MB-231 cells over MCF-7. Pure doxorubicin

had no specificity and was almost equally cell toxic to both cell types (Figure 6.14a).
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Figure 6.12 (a) Average intracellular fluorescence intensities of MDA-MB-231 and MCF-7 cells incubated by
different streptavidin conjugates. The fluorescence in the atto-565 channel was measured by encircling single
cells and measuring their average intensities and the background fluorescence determined from the blank sample
was subtracted. (b) Average nuclear fluoresce intensity of different streptavidin conjugates in MDA-MB-231
cells. The extend of nuclear localization of the different streptavidin conjugates was quantified by measuring
fluorescence intensity in the atto-565 channel inside the nucleus of MDA-MB-231 cell. 20 cells were analysed

per sample and the error bars represent the standard error of the mean.
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Figure 6.13 (a) Cell viability of MDA-MB-231 and MCF-7 cells were incubated with SA,F;D,, SA;F,D,C; and
a statistical mixture of streptavidin conjugates (S was mixed with one equivalent of A, F, D and C) for 72 h, as

measured using the MTT assay. (b) Table of the 50% inhibitory concentration (1Csg) different conjugates.
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In SA;F;1D1Cy, the nucleus penetrating peptide, C, increased the delivery of doxorubicin, D,
to the cell nucleus, which contributes to the higher final efficacy. As a result, SA;F1D;C; had
a lower ICsp of 0.5 M compared to SA;F1D;, which had a 1Cso of 0.74 M. The precise
SA;F1D; conjugate also outperformed the statistical mixtures of conjugates (S mixed with
one equivalent of A, F, D and C). In fact, the SA;F;D1C; was 1.5 times more cell toxic than
the statistical mixture of conjugates (ICsp 0.75 piM). We also compared the viability under
different samples at exact concentration of 0.5 M, as shown in Figure 6.14b, results
indicated that cells had the lowest viability (almost 48%) using SA;F1D;C;. Besides, we also
confirmed that extra free folic acid will inhibit the function of our samples because the folate
receptor on cell surface has been occupied. Overall, this data showed the added value of the
precise tetrafunctional conjugate, which allowed the incorporation of each functionality for
detection, targeting, subcellular localization and cell toxicity.
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Figure 6.14 (a) Cytotoxicity of free doxorubicin-biotin against MDA-MB-231 and MCF-7 cell as measure with
the MTT assay. Cells were incubated by RPMI-1640 medium containing 0.01, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0
uM of doxorubicin-biotin at 37 <€, 5% CO, for 72 hours. The ICsq is 0.07 uM and 0.10 uM for MDA-MB-231
and MCF-7 cells, respectively. Data is expressed as the percentages of viable cells relative to a sample without
doxorubicin. (b) Cell viability of MDA-MB-231 and MCF-7 cells were incubated with 0.5 pM SA;F;D;, 0.5 uM
SA;F;D;C; and a statistical mixture of streptavidin conjugates (0.5 uM, S was mixed with one equivalent of A,
F, D and C) for 72 h with and without 20 uM extra free folic acid (shown with a blue star), as measured using
the MTT assay. S: streptavidin, A: atto-565-biotin, F: folic acid-biotin, D: doxorubicin-biotin, C: nucleus
penetrating peptide-biotin.

6.4 Conclusions

In summary, we demonstrated how stoichiometrically precise tetrafunctional streptavidin
conjugates can be prepared to bring together multiple functionalities. In particular, we
demonstrated how the delivery of an anti-cancer drug can be improved through the

combination of a fluorescent, a cell specific targeting group, a nucleus penetrating peptide
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and a cell toxic drug in a tetrafunctional streptavidin. The systematic introduction of each
functionality allows studying its effect on viability, targeting and efficacy, which improves
our understanding on the essential features of drug delivery agents and of course enables
optimization. Especially, the cell nucleus penetrating peptide plays a vital role in delivery
drug into where it functions. The precise tetrafunctional streptavidins also open the door to
assembly combinatorial libraries of exact streptavidins taking advantage of a wide repertoire
of biotinylated molecules (proteins, peptides, antibodies, small molecules, lipids and nucleic
acids). Thus, our study plays a significant role in expanding the streptavidin-biotin chemistry

in biotechnology, nanostructure assemblies and drug delivery.
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Chapter 7. Summary and outlook

The interaction between Ni**-NTA and His-tagged proteins can be widely used in many
contexts from the design of smart minimal synthetic cells, photopatterning, controlled cell-

matrix adhesion to the design of multifunctional streptavidin-biotin conjugates.

In the first part, a multiresponsive minimal synthetic cell was proposed and ATP production
of the synthetic cell can be controlled by different environmental parameters. The modular
adhesion unit, which is composed of the light and redox responsive protein interaction of
iLID and Nano as well as the pH sensitive and metal ion mediated binding of protein His-tags
to Ni**-NTA complexes, is able to sense and integrate four important stimuli: light, pH,
oxidative stress and the presence of metal ions and regulate the adhesion to a substrate in
response to them. The multistimuli responsive adhesion unit was further integrated with a
light-driven ATP production module such that it is capable to adhere to substrates under
environmental conditions that support its ATP production. If only one of the environmental
parameters required for ATP production is not satisfied, the minimal synthetic cell detaches
from the substrate. Thus the multistimuli responsive adhesion unit allows synthetic cells to

self-position and carry out their functions.

In the second part, a layer-by-layer (LbL) protein system was first proposed to prepare
precise micropatterns. The LbL assembly method for multiprotein films was based on the
specific and multivalent interaction of Ni**-NTA groups and His-tagged proteins, which
allowed us to achieve the oriented presentation of a His-tagged protein of interest. The green
light cleavable protein CarH was then used as a light-sensitive building block for
photolithography, which provided the desired high spatial and temporal remote control over
the protein patterns in a noninvasive and biocompatible way. The LbL system is successfully
used to produce complex patterns of different functional proteins including fluorescent
proteins as well as the cell adhesion protein fibronectin. Furthermore, we proposed two
approaches for the study of cell-matrix adhesions. One cell adhesion sequence, cCRGD was
masked by CarH in the first approach, which is GREEN-ON system. Then CarH was fused
CcRGD, the fused protein CarH-cRGD was directly used to regulate cell-matrix adhesions,
which is GREEN-OFF system. All the methods allow for dynamical regulation of cell

adhesions in space and time with high precision.

In the last part, a general approach to form multifunctional streptavidin conjugates with

precise stoichiometries and number of open binding pockets was developed. This method
87



relies on an iminobiotin-polyhistidine tag, which allows separating streptavidin conjugates
with different numbers of tags, and later reopening binding pockets at lowered pH to
introduce a second functionality. Streptavidin (S) conjugates with one (SA;), two (SA,) or
three (SA3) copies of a biotinylated molecule (A) were produced, where the residual biotin
binding pockets remain open to introduce a second biotin conjugated functionality. These
precise fluorescent streptavidin conjugates was used to study for cell surface labeling and to
investigate how the number of targeting ligands per conjugate affects cellular uptake. As a
further step, a stoichiometrically precise tetrafunctional streptavidin conjugate was prepared
based on this method. The tetrafunctional streptavidin conjugate with exactly one fluorescent
label, one cell targeting group, one cell penetrating peptide and one drug demonstrates how

each functionality contributed to overall efficacy of the drug.

The work presented here provides a potential approach for the study of chemical biology,
synthetic biology and cell biology. The multistimuli responsive adhesion unit provides a new
and modular element in producing smart and autonomous minimal synthetic cells that are
able to position themselves in environments that meet their needs. The idea of using stimuli
responsive adhesion elements to position cells is highly transferable and other interactions
can be used to colonize different environments with synthetic cells. The LbL multiprotein
films and GREEN-ON, GREEN-OFF system can be used for cell patterning, as a promising
strategy to modulate cell-material interactions, and to design new biomaterials. The precise
tetrafunctional streptavidins open the door to assembly combinatorial libraries of exact
streptavidins taking advantage of a wide repertoire of biotinylated molecules (proteins,
peptides, antibodies, small molecules, lipids and nucleic acids). Thus, this study plays a
significant role in expanding the streptavidin-biotin chemistry in biotechnology,

nanostructure assemblies and drug delivery.
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Chapter 8. Materials and method

8.1 Materials
8.1.1 Plasmids

The protein MiCy (Addgene plasmid # 54565), TurboRFP (Addgene plasmid # 54858),
dKatushka (Addgene plasmid # 54775) and fibronectin (FN) (pET28a-ybbR-HIS-
10FNIII(x4)-Docl, Addgene plasmid #58712) were acquired from Addgene. The CarH
plasmid (Ampicillin resistance) was inserted into the vector pET-22b between the Ndel and
BamHI cutting sites. BL21 (DE3) E. coli was purchased from New England Biolabs. The
pQE-80L iLID (C530M) and pQE-80L MBPSspB Nano were gifts from Brian Kuhlman
(Addgene plasmids # 60408 and # 60409, respectively). pQE-80L iLID (C530M) expresses
iLID with an N-terminal His6-tag and pQE-80L MBP-SspB Nano expresses Nano with N-
terminal His6-MBP-TEV tag (His6-MBP-TEV-Nano). His6-tagged TEV protease originated
from the Wombacher Lab and was kindly provided as a glycerol stock of E. coli BL21 (DE3)
co-transformed with pLysS (chloramphenicol) and pET N_TEV234 (kanamycin) plasmids.
pET Biotin Hisé mOrange LIC cloning vector (H6-mOrange) was a gift from Scott Gradia
(Addgene plasmid # 29723; http://n2t.net/addgene:29723; RRID:Addgene_29723) and BirA
in pET28a (w400-2) was a gift from Eric Campeau (Addgene plasmid # 26624,
http://n2t.net/addgene:26624; RRID: Addgene_26624).

8.1.2 Other materials

4-arm PEG-Succinimidyl NHS ester (MW 10 kDa) was purchased from Creative PEG Works.
Ni?*-NTA column (HisTrap™ HP, column volume 5 mL) was purchased from GE
Healthcare Life Sciences. Ni**-NTA functionalized polystyrene beads (2 pm) were purchased
from Micromod Partikeltechnologie GmbH. SM-2 Bio-Beads derived from Bio-Rad were
used to remove the detergent in the step of vesicle co-reconstitution and was extensively
washed before usage. Luciferin/Luciferase reagent CLSII from Roche was prepared as a 10
times concentrated stock solution in water. Ultra-pure ADP was purchased from Cell
Technology. Streptavidin (MW 53361 g/mol) was purchased from Cedarlane Laboratories.
Bio-His-Tag (biotin-(His)s, MW 1500 g/mol, sequence: biotin-GSGSGSHHHHHH) was
synthesized by Peptide Specialty Laboratories GmbH and Ibio-His-Tag (MW 2322 g/mol,
iminobiotin-(His)12, sequence: iminobiotin-GSGSGSHHHHHHHHHHHH) were synthesized
by Pepscan. Folic acid-PEG-biotin (MW 2000 g/mol) was purchased from Nanocs. Sulfo-
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NHS-LC-biotin (MW 558 g/mol) was purchased from AdooQ Bbioscience. DMEM and
RPMI-1640 without folic acid medium were purchased from Thermo Fisher Scientific. Cell
nucleus location sequence (PKKKRKVC, MW 883 g/mol) purchased from PhtdPeptides Co
Ltd. with 95% purity (Zhengzhou City, China). All organic solvents (acetonitrile (CH3CN),
chloroform (CHCIs), dichlormethane (DCM), dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), methanol (MeOH) were obtained from Fisher Scientific and used without further
purification (HPLC or analytical grades).

8.2 Methods
8.2.1 Protein preparation

Each protein expression plasmid was transformed into BL21(DE3) E. coli and plated on an
LB-Agar plate with the appropriate antibiotic (50 pg/ml) at 37 € overnight. A single colony
was inoculated into 10 mL LB medium with the appropriate antibiotic (50 pg/mL) and
incubated at 37 €€, 250 rpm overnight. The overnight culture was transferred to 1 L LB
medium with the appropriate antibiotic and incubated at 37 <€, 250 rpm until the ODgy =
0.6-0.8. Then protein expression was induced with 1 mM IPTG for CarH, CarH-RGD, iLID,
Nano, TEV, FN, mOrange and with 1 g/L L-(+)-Arabinose for MiCy, TurboRFP and
dKatushka, temperature was reduced to 18 <€ and the cultures were incubated overnight at
250 rpm. Next day, the cultures were centrifuged at 6000 rpm, 4 € for 8 min (Beckman
Coulter Avanti J-26S XP, JA-10 rotor), supernatant was discarded and the bacteria pellet
collected. Then the bacteria pellet was resuspended in 20 mL buffer A (50 mM Tris-HCI, 300
mM NaCl, pH 7.4) supplemented with 1 mM protease inhibitor phenylmethane sulfonyl
fluoride (PMSF) and 1 mM DL-dithiothreitol (DTT). The bacteria were lysed by sonication
and the lysate was cleared by centrifugation at 12000 rpm (Beckman Coulter Avanti J-26S
XP, JA-25.50 rotor) for 30 min, followed by filtration through a 0.45 pum filter (ROTH, KH
55.1) twice. The lysate was loaded onto a 5 mL Ni?*-NTA agarose column. The column was
washed with 50 mL buffer C (Buffer A with 25 mM imidazole and 1 mM DTT) and the
protein was eluted with 10 mL buffer B (Buffer A with 250 mM imidazole and 1 mM DTT).
The purified proteins were dialyzed against 2 L buffer A with 1 mM DTT twice for 6 h.

Bacteriorhodopsin (bR) was isolated from Halobacterium salinarium (strain S9) as described
by Oesterhelt and Stoeckenius. His-tagged E. coli FoF;-ATP synthase (EFoF;) was expressed
from the plasmid pBWU13-BHis in the E. coli strain DK8 (AuncBEFHAGDC) and purified

by Ni**-NTA affinity chromatography as previously described by Ishmukhametov.
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8.2.2 Preparation of CarH and CarH-RGD tetramer

The purified CarH and CarH-RGD monomer was incubated with fivefold excess of Vitamin
B12 (Sigma-Aldrich, V2876) for 30 min in the dark to form the CarH tetramer. Unbound
Vitamin B;, was removed from the resulting CarH tetramer by size exclusion
chromatography using a HiLoad™ 16/600, Superdex™ 200 pg size exclusion column. If
necessary CarH tetramer was concentrated using a centrifugal filtration devices (10 kDa

molecular weight cutoff).
8.2.3 Preparation of 4-arm-PEG-NTA

The Ng,N,-Bis(carboxymethyl)-L-lysine hydrate (NTA-Lys) (0.24 mmol, 65 mg) was first
dissolved into 10 ml MeOH and then 4-arm-PEG N-hydroxysuccinimide ester (4-arm-PEG-
NHS, MW 10 kDa) (0.06 mmol, 600 mg) was added and dissolved. Then 60 ul 4-
methylmorpholine was added to the solution as catalyst. After reacting for 6 h at room
temperature, the product was precipitated by adding diethyl ether (100 mL) and vacuum dried.

8.2.4 Glass surface functionalized with PEG-Ni?*-NTA

The glass surfaces were functionalized similarly as previously reported.? In short, glass slides
(20 <20 mm) were cleaned with freshly prepared Piranha solution (3:1 (v/v) concentrated
H,S04:H,0; (30%)) for 1 h, rinsed 3 times with Milli-Q water and dried in an N, stream. For
the PEGylation reaction, surfaces were immersed in a solution of PEGgzgnp-azide (10 mg
PEGg3000-azide, MW = 3500 g/mol) and 200 pl dry triethylamine in dry toluene and kept at 80
€ overnight under a N, atmosphere. The surfaces were first washed with ethyl acetate for 5
min by sonication, then with methanol for 5 min by sonication and dried in a N, stream. The
PEG-coated surfaces were incubated with 100 pl of reaction solution containing 100 mM L-
ascorbic acid, 100 mM Tris HCI (pH 9.0), 150 uM of NTA-alkyne and 1 mM CuSOQOy, in a
moisture chamber for 2 h. The surfaces were incubated with the following solutions to obtain
PEG-Ni?*-NTA functionalized surfaces: (1) 50 mM EDTA (pH 7.4) for 5 min; (2) Buffer A
twice for 5 min; (3) 0.1 M NiCl; in water for 5 min; (4) Buffer A for 5 min.

8.2.5 Protein immobilization on PEG-Ni**-NTA functionalized glass Surfaces

Afterward the surfaces were incubated with the following solutions to obtain the protein
functionalized LbL substrates through NTA-Ni**-His tag interaction: (1) 1% layer: 5 uM
purified protein for 30 min; (2) Buffer A for 10 min; (3) 25 uM 4-arm-PEG-NTA+100 uM

NiCl; in Buffer A for 30 min; (4) Buffer A for 5 min; (5) 5 uM purified protein for 30 min
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(2™ protein layer); (6) Buffer A for 10 min. To generate subsequent protein layers step 3-6
were repeated to assemble the LbL protein film. Other proteins can also be immobilized on

the glass surface using this method.
8.2.6 Metabolic Activity Test

The influence of light on the metabolic activity of cells was determined with the 3-(4,5-
Dimethylthiozol-2-yl)-2,5-diphenaltetrazolium bromide (MTT) assay. Therefore, MCF-7
cells were seeded in a density of 50000 cells/cm? in a 96 well plate in 100 pL complete
growth medium (DMEM + 10% FBS + 1% P/S). The cells were incubated at 37 <C exposed
to green light (532 nm, Flora LED Module) at different intensities for 2 h. The control was
kept meanwhile in the dark. Afterwards 75 L medium per well were removed and 10 piL
MTT (saturated solution in PBS) was added. The cells were incubated at 37 <C in dark for 4 h.
50 p DMSO per well was added and incubated at room temperature in dark for 10 min. The
absorption at 540 nm was measured with a Tecan plate reader. The lowest tested light

intensity at 12.5 pM/m?s was used in all cell experiments, to assure no influence of the cells.
8.2.7 Protein patterning

Substrates with LbL films with CarH in the 1% and TurboRFP in the 2" layer were used for
all protein patterning experiments. The logo of the Max Planck Society, the Minerva, was
patterned on an inverted fluorescence microscope (DMi8, Leica) equipped with a 10x
objective and a digital micromirror device (Mosaic, Andor) and illuminating for 1 min with
10% intensity of the 525 nm LED line. Line patterns of proteins were produced on the
confocal laser scanning microscopy (Leica TCS SP8) equipped with an argon laser and 20x
objective. Lines were projected onto the LbL film using 20% intensity of the 552 nm laser for
10 s. To demonstrate the temporal control, substrates were patterned in buffer A solution and
after each patterning step imaged using 1% intensity of the 552 nm laser and 0.5 s exposure
time. All other substrates were first fixed with 4% paraformaldehyde for 20 min, mounted in

Mowiol-488 and then imaged using 1% intensity of the 552 nm laser and 1 s exposure time.
8.2.8 Quantification of cell adhesion

The PEG-Ni**-NTA coated glass surfaces were either functionalized with the FN or a CarH
(1% layer)/ FN (2" layer) LbL film. While one set of surfaces was illuminated with green
light for 5 min (15 W), the other one was kept in the dark. A PEG-Ni**-NTA functionalized
surface without protein functionalization was used as a negative control. The surfaces were
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placed into the 6-well cell culture plates and were washed with phosphate buffered saline 1x
(PBS 1x). Subsequently, 5x10* MDA-MB-231 cells were seeded per well in 2 ml Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco BRL) supplemented with heat inactivated fetal
bovine serum (FBS, 10%) (Sigma Aldrich) and penicillin/streptomycin (P/S, 1%, Gibco BRL)
and incubated at 37 <€, 5% CO, for 4 h in the dark. After carefully washing the surfaces
twice with PBS, the cells were fixed with 2% paraformaldehyde. The cells were mounted
with Moviol-488 containg 1 pg/ml DAPI (Sigma Aldrich) for nucleus staining. Fluorescent
images were acquired with an inverted fluorescence microscope (DMi8, Leica) in the DAPI
channel with a 10x objective for an area of 5 mm? per sample. The number of cells on the
surface were counted using the analyze particle tool in ImageJ. For the GREEN-ON and
GREEN-OFF system, in the box plots, the box represents the 25-75% percentile and the
whiskers are the 10-90% percentiles. Statistical significance is evaluated using the One Way
ANOVA test. p-value *** <0.001

8.2.9 Cell patterning

A PEG-Ni**-NTA modified glass surface with the CarH (1% layer)/FN (2" layer) film was
illuminated with green light through TRITC channel filter for 2 second by an inverted
fluorescence microscope (DMi8, Leica) through a 20x objective with an adjustable field
diaphragm. Then surfaces were incubated with 1x10° MCF-7 cells were seeded on the
surface in the 2 ml DMEM supplemented with 10% FBS and 1% P/S at 37 €, 5% CO,
overnight. After cell incubation, surfaces were washed with PBS 1x and bright filed images
of the samples were acquired.

8.2.10 Cell spatial and temporal control of cell adhesions

To pattern cells on GREEN-ON surfaces, surfaces modified with CarH and cRGD-alkyne
peptide were illuminated in a desired pattern using the FRAP function with green light at 552
nm (argon laser, 10% intensity) for 1 min under a confocal laser scanning microscopy (Leica
TCS SP8) through a 10x objective. Then, the surfaces were incubated with 1<10° MCF-7
cells in the 2 ml DMEM supplemented with 10% FBS and 1% P/S and 300 nM SiR-actin for
actin staining at 37 €, 5% CO; overnight. Subsequently, 1 pg/ml Hoechest 33342 was added
to stain the cell nuclei for 10 min and surfaces were washed with PBS before acquiring

images of the cells on the surfaces in the actin and nuclear stain channels.
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To trigger cell adhesions or detach cells upon green light illumination, CarH/cCRGD-alkyne
(GREEN-ON) or CarH-RGD (GREEN-OFF) functionalized glass surfaces were glued to a
hollow p-slide well dish (ibidi). For the GREEN-ON surfaces 2x10°> MCF-7 cells and for the
GREEN-OFF surfaces 1x10° MDA-MB-231 cells were seeded in the 2 ml DMEM
supplemented with 10% FBS and 1% P/S containing and 300 nM SiR-actin for actin staining
and incubated at 37 €, 5% CO, overnight. The surfaces were washed twice with PBS and
fresh DMEM supplemented with 10% FBS and 1% P/S was added. The cells were imaged in
the interference reflection and SiR channels. For the cells on the GREEN-ON surface, single
cells with lose initial contacts to the surface were identified and illuminated with green light
at 552 nm (1% intensity) for 30 min using the FRAP function and the cells were imaged over
the course of 90 min. For the GREEN-OFF surfaces, a group of adhered cells was places in
the field of view and a subset of cells in a chosen area were illuminated with green light at
552 nm (1% intensity) for 20 min using the FRAP function. The surface was once washed

with PBS and images in the different channels were acquired.
8.2.11 QCM-D measurement for the layer by layer system

All QCM-D measurements were performed on a Q-Sense E4 system (Q-Sense) with SiO,
crystals (Q-sense) at room temperature with a flow rate of 300 pl/min. The SiO, crystals were
cleaned with a 2% SDS solution in water over night, rinsed 3 times with Milli-Q water and
dried in a N, stream. After the QCM-D crystals were cleaned with oxygen plasma (TePla
200-G, 0.2 mbar, 150 W, 10 min), the crystals were functionalized with PEG-Ni**-NTA as
described above. These crystals were placed into the QCM-D chamber and the following
solutions were passed over the crystal to form the LbL protein films: (1) Buffer A, 5 min; (2)
5 uM of 1% protein, 30 min; (3) Buffer A, 10 min; (4) 100 uM NiCl,+25 pM 4-arm-PEG-
NTA, 30 min; (5) Buffer A, 5 min; (6) 5 uM of 2" protein, 30 min; (7) Buffer A, 10 min.
Steps 4-7 were repeated to form additional proteins layers. To remove the protein layers a
solution of 250 mM imidazole in Buffer A was passed over the QCM-D crystals for 5 min
followed by a washing step with Buffer A for 5 min. Experiments which included green light
illumination were performed with a window QCM-D module and a 15 W green LED lamp
(Osram) was used for illumination. The 7™ overtone of the QCM-D measurements was
represented in all graphs. The QCM-D data was fitted to the Sauerbrey equation using a
density of 1056 g/L to determine the film thicknesses after each step.
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8.2.12 Functionalization of polystyrene beads with iLID

The Ni?*-NTA functionalized polystyrene beads with a 2 um diameter were purchased as a
water suspension (50 mg/mL, 1.2 x 10'° beads/mL, stable in aqueous solutions, methanol,
ethanol and DMSO). The protein was immobilized on the beads through His-tag-Ni**-NTA
interaction by incubating 5 mg/mL of Ni**-NTA-functionalized beads in buffer A with 1 pM
His-tagged iLID at 4 <C for 1 h. Then, excess protein was washed away twice by spinning
down the beads (13000 rpm, 2 min) and resuspending them in buffer A. Before each

experiment the protein functionalized beads were sonicated for 1 min to disperse in the buffer.
8.2.13 Attachment of iLID functionalized beads onto Nano immobilized substrates

To investigate the dependence of iLID functionalized bead onto Nano immobilized substrates
on environmental parameters, illumination with blue light, pH as well as the presence of
H,0, and EDTA were altered in all possible combinations (16 conditions). Firstly, iLID
functionalized beads was spin down (13000 rpm, 2 min) and suspended in different buffer
solutions (300 mM NaCl, 50 mM Tris, at pH 7.4 or 3.5, with or without 10 mM H,0, and/or
with or without 50 mM EDTA). Then, 300 uL iLID-beads (5 mg/mL) were added on top of
Nano functionalized substrates for 1 h in the dark or under blue light illumination (0.5
mW/cm?, LED blue light panel (Albrillo LL-GL003, 225 LEDs, 460 nm, 14 W) with 1
neutral density filter (white polycarbonate plate with 30% transmission from Alt-Intech)).
After 1 h, the substrates were washed twice with buffer A to remove beads that did not attach
and incubated with 300 puL 10% (w/v) paraformaldehyde (PFA) for 15 min for fixation.
Finally, the glass substrates were washed twice with buffer A and for each substrate bright
field images (DMi8, Leica) were acquired through an 40x air objective using the tile scan
function (at least 30 images with a total field of view of 500 pm x 500 um). The beads on the
surface were automatically counted using the particle analyzer function in Fiji ImageJ.

8.2.14 DTNB assay

The DTNB (5,5-dithio-bis-(2-nitrobenzoic acid) assay was used to quantify the oxidation of
thiol groups in iLID. For this purpose, DTT was removed from purified iLID protein by
dialysis with buffer A at 4 <C. Subsequently, 10 mM H,O, was added to 100 M iLID (stock
protein) and incubated for 2 h at 4 °C. iLID (0 to 50 uM), which was either treated with H,0O,
or not, was added to 100 uM DTNB in a total volume of 200 uL buffer A and the absorbance
at 412 nm was measured after 5 min using a plate reader (TECAN, infinite M1000). 100 uM
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DTNB in 200 uL buffer A was used as a blank sample and its absorbance at 412 nm was
subtracted as background from all samples. A standardization curve for thiol concentration
was establishes using mercaptoethanol (0 to 50 uM) instead of iLID in the above
measurement. Based on the standardization curve the concentration thiol groups before and

after H,O, treatment was calculated.
8.2.15 Removal of His6-tag from His6-MBP-TEV-Nano for QCM-D measurements

The TEV cutting site was used to cleave the His6-tag from the protein Nano after Ni**-NTA
affinity purification to yield cut-Nano.*® For this the purified proteins were incubated with
His6-TEV protease at 1:50 concentration ratio (protein: TEV protease) overnight at 4 <€
(reaction buffer: 50 mM Tris pH 8.0, 0.5 mM EDTA, 1 mM DTT). Then, the His6-TEV
protease and the cut fragment His6-MBP were removed using a Ni®-NTA column. The cut-
Nano protein without the His6-tag was collected in the flow through and used in QCM-D

measurement.
8.2.16 Preparation of Ni**-NTA liposomes

For the preparation of liposomes from DGS-NTA-Ni?* and PC, 200 pL 10 mg/mL PC
(dissolved in chloroform) was mixed with 20 pL 10 mg/mL DGS-NTA-Ni?* (dissolved in
chloroform) and deposited into a round bottom glass vial for solvent evaporation under a
gentle stream of nitrogen. The lipid film was rehydrated with a vesicle buffer, containing 20
mM HEPES, 2.5 mM MgSO,, 50 mg/mL sucrose and resuspended at a lipid concentration of
10 mg/mL by gentle vortexing. The suspension of vesicle was subjected to 5 freeze-thaw
cycles (1 min in liquid nitrogen then water bath, 37 <€, until thawed completely, followed by
30 s vortexing). Finally, the size of liposomes in the suspension was unified by the extrusion
(11 times) of lipid suspension through 100 nm pores (polycarbonate membrane, Whatman).

8.2.17 Co-reconstitution of EFoF1-ATP synthase and bR into Ni**-NTA liposomes

100 pL of preformed Ni?*-NTA liposomes were mixed with 80 puL bR and 7 pL EFoF;-ATP
synthase in the presence of 0.8% Triton X-100 (the final concentration of bR and ATP
synthase was 0.5 M and 0.1 M, respectively). To stabilize the ATP synthase, 0.5 pl 1 M
MgClI; was also added to the solution. After 15 minutes of incubation in the dark under gentle
shaking, 80 mg of wet SM-2 Bio-Beads were added for removal of detergent. The solution
was incubated for further 60 minutes under constant shaking in the dark before the Bio-Beads
were removed. The average vesicle size and dispersity were determined by dynamic light
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scattering (DLS) using a Zetasizer Nano ZS (Malvern, Worcestershire, UK) with a 633 nm
helium-neon laser and backscattering detection. 5 ul of vesicles were diluted in 1 ml vesicle
buffer and samples were measured at a fixed 173<scattering angle at 25<C. All reported
values are based on the average of three measurements. Each measurement consisted of 3x5

runs with 70s duration.
8.2.18 bR orientation and proton pumping activity

To assay the orientation of bR in the vesicle, proteinase K (Roche) was added to a final
concentration of 2.5 mg/ml. After incubation for 2 hours at 37 <C, the reaction was stopped
by adding the protease inhibitor phenylmethanesulfonylfluoride to a concentration of 10 mM
while cooling the reaction on ice for 30 minutes. The reaction products were loaded onto 4-20%
Tris-HCI Criterion Precast Gels (Bio-Rad) to analysis the orientation of bR. The proton
pumping activity of bR was monitored using the pH sensitive dye pyranine. Before each
measurement, 0.1 uM valinomycin was added to the solution to avoid the formation of a
potential gradient that counteracts the generated pH gradient. After 1 hour of equilibration in
the dark, the reaction was started by illumination with a 50 W LED lamp (SMD RGB
Floodlight, V-TAC). The absorption change of pyranine at 405 and 450 nm was monitored
using a diode array spectrometer (QEPRO, Ocean Optics). The pH was calculated by the
absorbance ratio between 450 and 405 nm (A450/A405). The proton pumping rate was the

average of three independent measurements.
8.2.19 ATP production and determination in reconstituted liposomes

For ATP production, 25 pL of co-reconstituted Ni?*-NTA-ATP vesicles were diluted in 250
uL measurement buffer (20 mM HEPES, 2.5 mM MgCl,, 50 mg/mL sucrose, 5 mM
NaH;PO4, 1 mM DTT) containing 400 uM fresh ultra-pure ADP. For measuring the ATP
production under different conditions, the pH was adjusted to 7.4 or 3.5 by adding HCI and/or
supplemented with 10 mM H,0, and/or 50 mM EDTA. Then, the samples were illuminated
with a 15 W blue LED lamp or kept in the dark. Every 5 minutes, 25 pL of reaction solution
was taken out and mixed with 25 pL trichloroacetic acid (TCA, 40 g/L) to stop the reaction.

The ATP concentration was determined using the ATP Bioluminescence Assay Kit CLS II.
The luciferase reagent was prepared as a 10 times concentrated stock solution in 1 mL water.
3 uL of the luciferase stock solution were added in 197 pL measurement buffer (20 mM

HEPES, 2.5 mM MgCl,, 50 mg/mL sucrose, 5 mM NaH,PO, and 1 mM fresh DTT) and the
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background luminescence signal (Ig) was measured using a plate reader (TECAN, infinite
M1000). Subsequently, 20 i of sample was added and the sample luminescence signal (Is)
was measured. Finally, 10 pL of the ATP standard (7.8 puM, provided from the ATP
Bioluminescence Assay Kit CLS I1) was added for calibration and the luminescence signal
(Ic) was recorded. The ATP concentration was calculated using the following equation:

ls = (IB .X_(l))_cc Ve Vi Vrca

Csyn =
IC — (IS . %) VZ VS Vsyn

where Csyn is the concentration of produced ATP, Ig is the luminescence intensity of the
blank, Is is the luminescence intensity of the sample, I¢ is the luminescence intensity after
adding the ATP standard, Vq is the volume of luciferase (200 pL), V; is the volume of
luciferase plus sample (220 pL), V3 is the volume of luciferase plus sample and ATP standard
(230 pL), Cc is the concentration of the ATP standard (7.8 uM), V¢ is the volume of added
ATP standard (10 puL), Vs is the volume of the sample (20 pL), Vs, is the volume of the
sample before stopping the reaction with TCA (25 uL) and Vrca is the volume of sample
after addition of TCA (50 uL).

8.2.20 QCM-D measurements for iLID/Nano system

QCM-D measurements were performed on a Q-Sense Analyzer at room temperature
equipped with either a flow module (dark sample) and window module illuminated with a 15
W blue LED lamp (blue light sample). The flow rate was kept at 1000 pL/min and SiO;

crystals (Q-sense) were used in all experiments.

The SiO, crystals were cleaned with a 2% SDS solution in water over night, rinsed 3 times
with Milli-Q water and dried in a N, stream. Then, the QCM-D crystals were cleaned with
oxygen plasma for 10 min, the crystals were placed into the QCM-D chamber and the
following solutions were passed over the crystal: (1) Buffer A, 5 min; (2) 1 mL of 0.1 mg/mL
DOPC + 5 mol % DGS-NTA with 5 mM CaCl, to form a supported lipid bilayer (the pump
was stopped once the lipids were on the crystal until a bilayer was formed); (3) Buffer A, 5
min; (4) 10 mM NiCly, 5 min to load the NTA-groups with Ni**; (5) Buffer A, 5 min; (6) 1
mL of 1 uM iLID (the flow was stopped when the frequency stabilized), 30 min; (7) Buffer A,

15 min. (8) different samples were used depending on the subsequent experiment.
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To investigate the influence of H,O, in the iLID/Nano interaction: All measurements were
performed under blue light illumination. For iLID used in step (6) above was incubated with
10 mM H,0,, for 2 h at 4 <€ before the QCM-D measurement. Then, following solutions were
passed over the QCM-D crystal: (8) 600 uL. 500 nM cut-Nano without His-tag (the flow was
stopped when frequency stabilized), 30 min, (9) Buffer A, 15 min.

To investigate the adhesion of Nano functionalized ATP producing liposomes and their ATP
production: Co-reconstituted ATP producing liposomes (DGS-NTA-Ni?*: PC = 1:10) were
functionalized with Nano by diluting 60 pL of liposomes as prepared above into 540 pL
buffer A with 100 nM Nano and incubating for 2 h at 4 €€ (Nano-ATP liposomes). QCM-D
measurements in the dark and under blue light were performed in parallel and following
solutions were passed over the QCM-D crystal: (8) 600 puL of Nano-ATP liposomes (the flow
was stopped when the frequency stabilized), 30 min, (9) Buffer A, 15 min.

For quantifying the ATP production, after Nano-ATP vesicle had adhered to the QCM-D
crystals (after step 9), the ATP measurement buffer (20 mM HEPES, 2.5 mM MgCl,, 50
mg/mL sucrose, 5 mM NaH,PO4 and 1 mM fresh DTT) flushed into the chamber and crystals
were incubated for 30 min under blue light. Then, the chambers were opened and 25 pL of
solution above the QCM-D crystals was taken out for ATP quantification following the

luminescence assay described above.
8.2.21 Separation of streptavidin Bio-His-Tag conjugates

A 30 uM streptavidin were mixed with 90 uM Bio-His-Tag (biotin-(His)g) for 15 min at room
temperature. A Ni**-NTA column (HisTrap™ HP, column volume 5 mL) was pre-
equilibrated with 50 mL buffer A (50 mM Tris-HCI, 300 mM NaCl, pH 7.4) using a FPLC
system (GE healthcare, AKTA explorer). Then, 0.5 mL streptavidin Bio-His-Tag reaction
mixture was loaded on the Ni**-NTA column and the column was washed with 25 mL buffer
A. Finally, the different streptavidin Bio-His-Tag conjugates were eluted with a linear
imidazole gradient from 0 to 260 mM imidazole in buffer A over 130 mL. The elution of
different species was monitored by the absorbance at 280 nm, the curves were corrected for
the absorbance of imidazole and each peak was collected in a separate fraction. A flow rate of
0.5 ml/min was used throughout the experiment. The collected samples were dialyzed (10
kDa molecule weight cutoff) against 2 L of buffer A at 4 <€ for at least 6 h to remove

imidazole. Subsequently, the samples were concentrated using a centrifugal filtration device
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(10 kDa molecular weight cutoff). The protein concentration was determined by UV-Vis

spectroscopy.

To analyze the kinetic stability of S(Bio-His-Tag),, different samples were incubated at 4 <€,
room temperature and at 37 € for one and five days and analyzed on a Ni**-NTA column

using the same imidazole gradient as described above.
8.2.22 Separation of streptavidin Ibio-His-Tag conjugates

The Cu®*-NTA column was prepared by removing Ni** ion from a Ni**-NTA column
(HisTrap™ HP, column volume 5 mL) with ethylenediaminetetraacetic acid (EDTA) and
reloading it with Cu®* ions. Firstly, 30 uM streptavidin was mixed with 90 uM Ibio-His-Tag
for 15 min at room temperature to assure the binding of iminobiotin to streptavidin. Then, 50
uM atto-565-biotin was added to the reaction mixture and incubated for another 15 min. 0.5
mL of the reaction mixture was loaded on a Cu**-NTA column, which was pre-equilibrated
with 50 mL buffer A and then washed with 25 mL buffer A. At last, the different streptavidin
conjugates were eluted with a linear imidazole gradient from 0 to 20 mM imidazole in buffer
A over 100 mL. The elution of different species was monitored by the absorbance at 280 nm
(streptavidin and atto-565-biotin) and 563 nm (atto-565-biotin), the curves were corrected for
the absorbance of imidazole and different peaks were collected separately. A flow rate of 0.5
ml/min was used throughout the experiment. Each peak was first dialyzed against (10 kDa
molecule weight cutoff) 2 L buffer pH=3.5, 50 mM Tris-HCI, 300 mM NaCl solution for 1 h
at 4 € to remove the Ibio-His-Tag and then dialyzed twice against 2 L buffer A for at least 6
h to remove the imidazole. The samples were concentrated using a centrifugal filtration
devices (10 kDa molecule weight cutoff) for further studies. The protein concentration was

determined by UV-Vis spectroscopy.
8.2.23 Determination of open biotin binding pockets

The number of open biotin binding pockets was determined using biotin-5-fluorescein,
which’s fluorescence is quenched upon binding to streptavidin. Typically, 200 pL of 10 nM
of a streptavidin conjugate in buffer A were added in a transparent 96-well plate (Greiner bio-
one, F-bottom), different concentrations (0 to 50 nM) of biotin-5-fluorescein were added to
each well and the samples were incubated for 10 min at room temperature. The fluorescence
intensity of each well was measured (excitation wavelength 490 nm, emission wavelength
524 nm) using a plate reader (TECAN, infinite M1000).
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8.2.24 Mass spectrometry

MALDI-TOF was used to test the molecular weight of samples and performed on a Bruker
Daltonics Reflex Ill spectrometer. Saturated solution of sinapinic acid dissolved in a 1:1
(water: acetonitrile) with 0.1% trifluoroacetic acid was used as the matrix solution. Typically,
a sample solution (10 uM) was mixed (1:1) with the matrix solution and spotted on the steel
plate. Then an additional aliquot of the matrix solution was added to dilute the sample and
spotted again (repeat 3x). Spectra can be obtained in positive mode and the data was

processed in mMass and Origin.
8.2.25 Preparation of biotinylated mOrange protein

The mOrange contains a biotinylation sequence (GLNDIFEAQKIEWHE) at its N-terminal,
which is recognized by the enzyme BirA. To prepare biotinylated mOrange, 50 uM mOrange,
5 mM MgCl,, 1 mM ATP, 1 uM BirA and 70 pM biotin were mixed in 1 mL buffer A and
incubated at room temperature with gentle mixing (100 rpm/min) for 1 h. Then, additional 1
uM BirA and 70 pM biotin were added to the reaction mixture and incubated for 1 h. The
reaction mixture was dialyzed (10 kDa molecular weight cutoff) against 2 L buffer A twice
foratleast6 hat4 €.

8.2.26 Preparation and analysis of mOrange streptavidin conjugates

Typically, 1 pM S(Bio-His-Tag):, S(Bio-His-Tag), or S(Bio-His-Tag); were mixed with 5
M, 4 UM or 3 UM biotinylated mOrange, respectively, for at least 1 h at 4 €. Then, 400 pL
of each reaction mixture was injected onto a HilLoad™ 16/600, Superdex™ 200 pg size
elution column and eluted with 150 mL buffer A at a flow rate of 1 mL/min. The elution of
different species was monitored through the absorbance at 280 nm. The molecule weight of
the different species was determined based on a calibration curve established with five
standard proteins (GE healthcare life science, 5 mg/mL thyroglobulin: MW 669 kDa, 0.3
mg/mL ferritin: MW 440 kDa, 4 mg/mL aldolase: MW 158 kDa, 3 mg/mL conalbumin: MW
75 kDa and 4 mg/mL ovalbumin: MW 44 kDa). For this, the partition coefficient (K,,) for

each protein was calculated as follows:

where V, is the column void volume, V. is the elution volume and V. is the geometric

column volume, which is equal to 120 mL for the HiLoad™ 16/600, Superdex™ 200 pg size
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elution column. The V, was determined running blue dextran 2000 (400 uL, 1 mg/mL) (GE
healthcare life science) on the same column and the first eluted peak was used as the void
volume. The molecular weights of the different streptavidin mOrange (O) species (S(Bio-His-
Tag);:03, S(Bio-His-Tag).0. and S(Bio-His-Tag);01) was determined based on the linear fit
of the Kj, versus molecule weight curve: S(Bio-His-Tag);03 (theo. 148.4 kDa, exp. 141.0
kDa), S(Bio-His-Tag),0, (theo. 118.6 kDa, exp. 108.6 kDa) and S(Bio-His-Tag)s0; (theo.
88.8 kDa, exp. 81.3 kDa).

8.2.27 Labeling of biotinylated cell surface molecules

MDA-MB-231 cells were seeded at 3x10* cells/cm® in a 8-well cell culture plate (glass
bottom, ibidi) in 300 pL. Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10 % heat inactivated fetal bovine serum (FBS, 10%) and 1 % penicillin/streptomycin (P/S)
and incubated at 37 <€, 5% CO, overnight. The next day, the cells were washed three times
using cold phosphate buffer saline supplemented 1 mM CaCl, and 0.1 mM MgCl, (PBS-CM)
and then the cell membrane was biotinylated using 0.25 mM sulfo-NHS-LC-biotin in PBS-
CM for 30 min on ice.®® After washing the cells twice using cold PBS-CM, the cells were
incubated with 100 mM glycine in PBS-CM for 2 min on ice to stop further biotinylation.
Cells were washed again twice with cold PBS-CM and then incubated with 1.5 uM SA;, SA;
or SAz in DMEM + 10 % FBS + 1 % P/S for 20 min on ice to label biotinylated surface
molecules. The cells were washed twice with PBS, the medium was exchanged with pre-
warmed DMEM + 10% FBS + 1% P/S and the cells were incubated for 0, 10 and 30 min at
37 € in 5% CO; atmosphere. Then the cells were washed twice with PBS and fixed using 4%
paraformaldehyde (PFA) in PBS and stained by 1 pg/mL TO-PRO-3. Finally, samples were
washed twice with PBS and imaged in the atto-565 and far-red channels using a confocal
laser scanning microscope (Leica TCS SP8) equipped with 561 nm and 633 nm laser lines
and a 63x H,O objective. For live cell imaging, the cells were treated as described above and
imaged in the atto-565 channel at room temperature after adding 1.5 M SA; (Movie S1),
SA; (Movie S2) or SA; (Movie S3). Images were analysed by Fiji ImageJ. For the analysis,
the average fluorescence intensities of single cell in the atto-565 channel were measured by
encircling single cells and measuring their average intensities. 25 cells were analysed per

sample and fluorescence was corrected for the background.
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8.2.28 Preparation of fluorescently labeled folic acid streptavidin and cellar uptake

A 10 uM of SA;, SA; or SA; (A: atto-565-biotin) were mixed with 40 uM, 30 uM or 20 uM
folic acid-PEG-biotin (F), respectively and incubated for 20 min at room temperature. Each
reaction mixture was dialyzed (10 kDa molecule weight cutoff) against 2 L buffer A twice for
at least 6 h yielding SA;1F3, SA;F, and SAsF;. The protein concentration of each conjugate
and their relative fluorescence were determined by UV-Vis and fluorescence spectroscopy.

For cellular uptake studies, MDA-MB-231 or MCF-7 cells were seeded at 5x10* cell/well on
glass coverslips (VWR, diameter 18 mm) in 12-well cell culture plates (Greiner bio-one, F-
bottom) and were cultured in RPMI-1640 medium without folic acid + 10 % FBS + 1 % P/S
at 37 €, 5% CO, overnight. The next day, the cells were washed twice with PBS, 500 pL of
RPMI-1640 medium without folic acid + 10 % FBS + 1 % P/S containing 1 uM of different
streptavidin conjugates (SA1, SA2, SAs, SA1F3, SALF, or SAsF;) was added to each cell type
and the cells were incubated at 37 <€, 5% CO; for 4 h. Afterward, the cells were washed
twice with PBS and fixed with 4 % PFA in PBS for 15 min at room temperature. The cells
were washed twice with PBS and were mounted on a glass slide (ROTH, 24x60 mm) with 40
uL Mowiol-488 containing 1 ug/ml DAPI. The cells were imaged in the atto-565 and DAPI
channels using a confocal laser scanning microscope (Leica TCS SP8) equipped with 405 nm
and 552 nm laser lines and a 63x H,O objective. Images were analyzed by Fiji ImageJ. For
the analysis, the average fluorescence intensities of single cell in the atto-565 channel were
measured by encircling single cells and measuring their average intensities. 25 cells were
analyzed per sample and fluorescence was corrected for the background. Then, fluorescence
intensities measured for SA;F3, SA;F, and SAsF; in the cells were normalized taking into
account the relative fluorescence brightness’s of SA;F3, SA,F, and SAsF; as measured in

solution.
8.2.29 Preparation of tetrafluorophore streptavidin conjugates

The Cu?*-NTA column was prepared by removing Ni** ion from a Ni**-NTA column
(HisTrap™ HP, column volume 5 mL) with ethylenediaminetetraacetic acid (EDTA) and
reloading it with Cu?* ions. Firstly, 1 uM SA; (S: streptavidin, A: atto-565-biotin) prepared as
previously described was mixed with 2 uM Ibio-His-tag for 15 min at room temperature to
assure the binding of iminobiotin to streptavidin. Then, 2 uM B (atto-425-biotin) was added
to the reaction mixture and incubated for another 15 min. 0.5 mL of the reaction mixture was

loaded on a Cu**-NTA column, which was preequilibrated with 50 mL buffer A (50 mM
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Tris-HCI, 300 mM NaCl, pH=7.4) and then washed with 25 mL buffer A. At last, the
different streptavidin conjugates conjugates (S(lbio-His-tag);A1B2, S(lbio-His-tag),A;B,
S(Ibio-His-tag)sA;) were eluted with a linear imidazole gradient from 0 to 120 mM imidazole
in buffer A over 60 mL. The elution of different species was monitored by the absorbance at
563 nm (the absorbance of atto-565), 436 nm (the absorbance of atto-425) and different peaks
were collected separately. A flow rate of 0.5 ml/min was used throughout the experiment.
Each peak was first dialyzed (10 kDa molecule weight cutoff) against 2 L buffer pH=3.5, 50
mM Tris-HCI, 300 mM NacCl solution for 1 h at 4 € to remove the Ibio-His-tag and then
dialyzed twice against 2 L buffer A for at least 6 h to remove the imidazole. The samples
were concentrated using a centrifugal filtration devices (10 kDa molecule weight cutoff) for
further studies. Similarly, SA;B; (1 uM) isolated in the previous step was mixed with Ibio-
His-tag (1.5 uM) and C (atto-665-biotin, 1.5 uM) to prepare SA1B1C1, the elution of different
species (S(Ibio-His-tag);A1B1Cy, S(Ibio-His-tag).A:1B:) was monitored by the absorbance at
563 nm (the absorbance of atto-565), 436 nm (the absorbance of atto-425) and 663 nm (the
absorbance of atto-665). After the same dialysis and concentrating steps, SA1B1C; was
isolated. The final fluorophore biotin-5-fluorescein (D) was added stoichiometrically to
SA:B;C; as also detailed below to yield SA;B,C1D;.

8.2.30 F&rster resonance energy transfer (FRET) measurement

Sample of SA;B;C; (S: streptavidin, A: atto-565-biotin, B: atto-425-biotin and C: atto-665-
biotin) was used to measure the FRET fluorescence. Firstly, for determination of the
assembled ratio A:B:C, 100 uL 1 uM of the sample were applied into a plate reader (TECAN,
infinite M1000), the absorbance spectrum (350 nm-900 nm) of the solution was measured. As
control absorbance spectra of same concentration of atto-565-biotin, atto-425-biotin and atto-
665-biotin were recorded and subtracted for the calculation. The ratio of A:B:C was
determined from the absorption envelopes and a ratio of 0.78:1:0.81 was calculated. Then,
200 uL 1 uM of SA;B;1C; in buffer A were added in a transparent 96-well plate (Greiner bio-
one, F-bottom), the excitation wavelength was set as 400 nm and the emission spectrum was
measured from 420 nm to 800 nm using a plate reader (TECAN, infinite M1000). As a
control, 1 uM streptavidin was mixed with 1 uM of each of the fluorophores (atto-425-biotin,
atto-565-biotin and atto-665-biotin) for 15 minutes to yield a statistical mixture of

streptavidin conjugates.
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8.2.31 Preparation of doxorubicin-biotin

Doxorubicin-biotin was synthesized according to literature.? Typically, to an ice cold solution
of biotin-N-hydroxysuccinimide ester (0.14g, 0.41 mmmol) in DMF (10 ml) was added
doxorubicin (0.3 g, 0.41 mmol) under argon atmosphere. After stirring for 30 min,
triethylamine (0.5ml, 2 mmol) was added to this reaction mixture and was allowed to stir for
another 12 h at room temperature. The reaction was monitored by TLC (Merck Silica 60, HF
254, 20: 80 methanoldichloromethane v/v). After completion of the reaction, excess diethyl
ether (100 ml) was added to the reaction mixture. The red solid thus obtained was filtered and
washed three times with diethyl ether (50 ml, three times). This red solid was then subjected
to column chromatography using methanol-dichloromethane (20:80, v/v) as an eluent to
obtain 0.25 g (Yield = 78%). LC-MS: Tgr= 5.5 min, ESI m/z: calculated for. C37H43N3043S:
769; found 792 [M+Na]® , 809 [M+K]*. MALDI-ToF (DHB): m/z: calculated for.
Ca7rH43N3013S: 769; found 792 [M+Na]* , 809 [M+K]*. 'H NMR (MeOD-d4, 300 MHz):
7.91 (d, 2H, aromatic), 7.50 (d, 1H, aromatic), 5.38 (brs, 1H, OH), 5.25 (brs, 1H, OH), 4.97 (s,
2H, -CH2-OH), 4.33 (brs, 2H, OH), 4.07 (m, 2H, CH, CH), 4.16-4.13 (m, 1H, CH), 3.94 (s,
3H, OCH3), 3.41 (m, 1H, CH), 3.09 (brs, 2H, OH), 3.10-3.00 (m, 4H, CH2, CH), 2.88-2.54
(m, 3H, CH2, CH), 2.20-2.00 (m, 1H, CH), 1.41-1.13 (m, 8H, CH2, CH3, CH2).

8.2.32 Preparation of biotin-NH-PKKKRKVC-COOH

The cell nucleus location sequence (PKKKRKVC) is a peptide derived from the simian virus
40 large tumor antigen (SV40 large T antigen), to enhance nuclear entry. For biotinylation, 5
mg (5.08 pmol, 1 mol. equiv.) of peptide was dissolved in 50 mM phosphate buffer pH 6.5
and 5 eq (13.4 mg, 25.4 mol) Biotin-TEG-MI was added and shaken for 4h at RT. Product
was subjected to reversed phase HPLC using a XDB-C18 column with the mobile phase
starting from 100% solvent A (0.1% TFA in water) and 0% solvent B (0.1% TFA in
acetonitrile) with a flow rate of 4 mL per minute, raising to 5% solvent B in five minutes, 15%
solvent B in 10 minutes, and then reaching 100% solvent B after 29 minutes. It remained in
this state for one minute. Solvent B concentration was then finally lowered to 5 % in five
minutes. Absorbance was monitored at 280 nm and 254 nm. The retention time for biotin-
NH-PKKKRKVC-COOH was 10.5 minutes, and 2.10 mg (1,39 pmol, 30%) of the product
was obtained after lyophilization. LC-MS:Tg: 3.91, m/z = [M+ H]" 1511. MALDI-ToF-MS
(CHCA): m/z = calculated. for Ce7H121N19016S,: 1511, [M+H]* 1511, [M+Na]* 1534.
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8.2.33 Separation of tetrafunctional streptavidin conjugate (SA:F1D:C;)

A 10 uM SA; (S: streptavidin, A: atto-565-biotin) prepared as previously described' was
mixed with 20 uM Ibio-His-tag for 15 min at room temperature to assure the binding of
iminobiotin to streptavidin. Then, 20 uM F (folic acid-PEG-biotin) was added to the reaction
mixture and incubated for another 15 min. 0.5 mL of the reaction mixture was loaded on a
Cu?*-NTA column, which was pre-equilibrated with 50 mL buffer A and then washed with
25 mL buffer A. At last, the different streptavidin conjugates (S(Ibio-His-tag);AiF,, S(lbio-
His-tag).A1F1, S(Ibio-His-tag)s;A;) were eluted with a linear imidazole gradient from 0 to 120
mM imidazole in buffer A over 60 mL. The elution of different species was monitored by the
absorbance at 280 nm and different peaks were collected separately. Each peak was first
dialyzed against (10 kDa molecule weight cutoff) 2 L buffer pH=3.5, 50 mM Tris-HCI, 300
mM NacCl solution for 1 h at 4 € to remove the Ibio-His-tag and then dialyzed twice against
2 L buffer A for at least 6 h to remove the imidazole. The samples were concentrated using a
centrifugal filtration devices (10 kDa molecule weight cutoff) for further studies. Similarly,
10 uM SA;F; was mixed with 15 uM Ibio-His-tag and 15 pM D (doxorubicin-biotin) to
prepare SA;F1D1. As described before the different species (S(lbio-His-tag);A;F1D1, S(Ibio-
His-tag),A:F1) were separated with Cu**-NTA column using a linear imidazole gradient and
the Ibio-His-tag was removed under acidic conditions and dialysis. Then, SA;F1D; (2 uM)
was mixed with C (3 uM, nucleus penetration peptide: biotin-NH-PKKKRKVC-COOH) and
incubated for 20 min at room temperature. SA;F;D,C; was dialyzed (10 kDa molecule weight

cutoff) against 2 L buffer A twice for at least 6 h to remove excess C.
8.2.34 Cellular uptake of streptavidin conjugates

For cellular uptake studies, MDA-MB-231 or MCF-7 cells were seeded at 5x10* cell/well on
glass coverslips (VWR, diameter 18 mm) in 12-well cell culture plates (Greiner bio-one, F-
bottom) and were cultured in RPMI-1640 medium without folic acid supplemented with 10 %
heat inactivated fetal bovine serum (FBS, 10%) and 1 % penicillin/streptomycin (P/S) at 37
€, 5% CO, overnight. The next day, the cells were washed twice with PBS and 500 pL of
RPMI-1640 medium without folic acid + 10 % FBS + 1 % P/S containing 1 uM of different
streptavidin conjugates (SA;, SA1F1, SA1F,, SA1F;, SA1FiD; or SA;F1D;Cy, cells without
any streptavidin conjugates were set as blank) was added to each well. The cells were
incubated at 37 €, 5% CO, for 4 h, washed twice with PBS and fixed with 4 % PFA in PBS
for 15 min at room temperature. Subsequently, the cells were washed twice with PBS and
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mounted on a glass slide (ROTH, 24x60 mm) with 40 uL. Mowiol-488 containing 1 pg/ml
DAPI. The cells were imaged in the DAPI and atto-565 channels using a confocal laser
scanning microscope (Leica TCS SP8) equipped with 405 nm and 552 nm laser lines through
a 63x H,O objective. Images were analyzed by Fiji ImageJ. For the analysis, the average
fluorescence intensities of single cell in the atto-565 channel were measured by encircling
single cells and mseasuring their average intensities. 20 cells were analyzed per sample and

fluorescence intensities were background corrected.
8.2.35 MTT assay

MDA-MB-231 or MCF-7 cells were seeded at 5x10° cell/well in 96-well cell culture plates
(Greiner bio-one, F-bottom) and were cultured in RPMI-1640 medium without folic acid +
10 % FBS + 1 % P/S at 37 €, 5% CO, overnight. The next day, the cells were washed twice
with PBS and cultured in 200 pL of RPMI-1640 without folic acid + 10 % FBS + 1 % P/S
containing different concentrations (0 - 2.0 uM) of different streptavidin conjugates (D,
SA:F1D;, SAF1D;C; or statistical mixture of streptavidin conjugates) at 37 €, 5% CO, for
72 h. The statistical mixture of streptavidin conjugates was prepared by mixing streptavidin
with A, F, D and C in a ratio of 1:1:1:1:1 for 20 minutes. Subsequently, the cells were washed
twice with PBS and 200 puL of RPMI-1640 medium without folic acid + 10 % FBS + 1 % P/S
containing 1.2 mM MTT was added to each well and the cells were incubated at 37 €, 5%
CO; for 4 h. Then, the culture medium was discarded and 200 uL. of DMSO was added to the
cells to dissolve the dark blue formazan crystals. After 10 minutes, absorbance at 550 nm of
each well was measured using a plate reader (TECAN, infinite M1000). The experiment was
repeated three times. The cell viability was expressed as the percentages of viable cells
compared to the survival of the control cells. The ICsy (50% inhibitory concentration) was

determined by log dosage versus concentration curve.
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