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Artificial Organelles: Towards Adding or Restoring
Intracellular Activity
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Compartmentalization is one of the main characteristics that
define living systems. Creating a physically separated micro-
environment allows nature a better control over biological
processes, as is clearly specified by the role of organelles in
living cells. Inspired by this phenomenon, researchers have
developed a range of different approaches to create artificial
organelles: compartments with catalytic activity that add new
function to living cells. In this review we will discuss three
complementary lines of investigation. First, orthogonal
chemistry approaches are discussed, which are based on the

1. Introduction

Organelles are essential compartments in living cells. The
presence of a physical boundary between the inner and outer
environment of an organelle allows nature a higher level of
control over a range of crucial biological processes. Organelles
provide protection of fragile components, they enable the
creation of local microenvironments or chemical gradients and
they contribute to positional assembly and enrichment of
catalytic species to ensure that processes proceed with greater
efficacy. Organelles, such as the cell nucleus and mitochondria,
are traditionally thought to be composed of (multiple) lipid
bilayer membranes, and are ubiquitous in eukaryotic cells. The
similarity in membrane structure between organelles and the
cell membrane has been the basis for the theory of endo-
symbiosis, popularized by Margulis."’ According to this theory,
the microbial ancestors of mitochondria and chloroplasts have
been internalized by other microbes to ensure the symbiont an
autonomous energy supply. This theory has been further
strengthened by the discovery of the presence of mitochondrial
DNA, which indicates that this organelle originated from an
independent life form.

Our classification of organelles has been extended in recent
years. First of all it has been shown that membrane-less
compartments are present in eukaryotes, which are formed by
coacervation of intrinsically disordered proteins, leading to the
enrichment of specific biomolecules in this compartment.**
Furthermore, organelles are not only to be found in eukaryotes.
Prokaryotes also contain organelles, of which the compartment
structure is often protein-based, such as is the case with
carboxysomes and the propane-1,2-diol utilization (Pdu)
microcompartment.**
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incorporation of catalytically active transition metal-containing
nanoparticles in living cells. The second approach involves the
use of premade hybrid nanoreactors, which show transient
function when taken up by living cells. The third approach
utilizes mostly genetic engineering methods to create bio-
based structures that can be ultimately integrated with the
cell's genome to make them constitutively active. The current
state of the art and the scope and limitations of the field will be
highlighted with selected examples from the three approaches.

Besides these organelle structures, nature also employs
other methods to attain control over biological processes. The
formation of catalytically active protein complexes such as the
nonribosomal peptide synthetase, or the usage of scaffolding
proteins are approaches often encountered in cells.®” It allows
different proteins to be arranged in a spatially well-defined
manner; this facilitates regulatory mechanisms and even offers
control over the sequence of reaction steps. This approach has

In vitro production of (semi-)synthetic artificial organelles
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Figure 1. Schematic overview of the different strategies used for artificial
organelle production and integration with living systems. Artificial organelles
that are (partially) composed of synthetic components (top) cannot be
produced biosynthetically and are thus produced in vitro and then
introduced to living cells. These organelles will be discussed in Sections 2
and 3. The second class of artificial organelles (bottom) consists of building
blocks that can be genetically encoded and can thus be produced in cellulo
or in vivo. This class of artificial organelles will be reviewed in Section 4.
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also been elegantly used by synthetic biologists by constructing
in cellulo artificial hubs, based on proteins with multiple binding
motifs or by using DNA origami scaffolds.”’ This work will
however not be discussed in detail in this review, as it lacks the
confinement aspects characteristic for organelles.

The interesting features of organelles and their importance
in biology have inspired many scientists to construct synthetic
analogues. Artificial organelle research is directed to the
construction of, mostly, catalytically active nanosized compart-
ments that can be integrated with living cells. The purpose of
this integration is to either replace or correct dysfunctional
processes, or to add novel, orthogonal functionalities to living
cells. The former line of application is closely related to the field
of nanomedicine, in which a more sophisticated form of
enzyme replacement therapy is envisaged, in particular to treat
metabolic diseases. Artificial organelles are also used to activate
compounds (prodrugs) in targeted cells, to realize a very
selective treatment modality. This approach is mainly employed
in anticancer therapy.”

The addition of novel function to living cells is less explored
and also more challenging, as functional orthogonality and
compatibility are far from trivial to be achieved inside the
complex cellular medium. Two approaches can be distin-
guished; in one approach organelles are transplanted from one
organism to the other. This is for example achieved by
incorporating chloroplasts in mammalian cells."” In a second
approach a fully artificial organelle, both with respect to
membrane structure and catalytic function is created and
integrated within the cellular environment. Both approaches,
but in particular the former, can be regarded as a form of
artificial endosymbiosis.

Roy Oerlemans received his M.Sc. in molec-
ular life sciences from Radboud University in
2015. During his studies he worked on
enzyme-activatable cell-penetrating peptides
under the supervision of Prof. Jan van Hest
(Radboud University) and on leucine zipper-
fused proteins under the supervision of Prof.
Ger Pruijn (Radboud University). Thereafter,
he worked in the pharmaceutical industry on
the design and optimization of scalable syn-
thesis routes for pharmaceuticals and nano-
medicines. Currently he is a Ph.D. candidate
working on synthetic artificial organelles
under the supervision of Prof. Jan van Hest.
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In this review we will report on two classes of artificial
organelles to add novel functionality to living cells. (Figure 1).
The first class that will be discussed are (partially) composed of
synthetic components which cannot be produced biosyntheti-
cally. We hereby make a distinction between two types of
nanoreactors. First, we describe the development of bio-
orthogonal catalytic processes based on organometallic cata-
lysts which are incorporated in living cells, with a focus on
nanoparticulate structures. Secondly, we will discuss hybrid
artificial organelles. We will only describe in detail those
examples which are truly integrated in living cells or are
investigated in cellular medium, such as cell lysate."" For this
class of artificial organelles, the compartments have to be
constructed first and then incorporated in living cells via for
example endocytosis. This makes this class of artificial organ-
elles also transient in nature: function will be lost and cannot
be restored by the cell itself. This is in contrast to the second
class of artificial organelles that are composed of building
blocks which can also be genetically encoded. These, mostly
protein-based compartments can either be produced externally
and taken up by cells, or they can be produced in cellulo. In that
case, the artificial organelles will become a constitutive part of
the cellular make up. Rather than trying to be comprehensive,
we would like to show the most recent accomplishments in
research and we will also highlight the different types of
challenges that are still ahead for these classes of nanoreactors,
demonstrating their scope and limitations.

Suzanne Timmermans received her M.Sc. in
molecular life sciences from Radboud Univer-
sity in 2016. During her studies she worked on
3D human mesenchymal stem cell culture
under the supervision of Prof. Wilhelm Huck
(Radboud University), in situ activatable cell-
penetrating peptides under the supervision of
Prof. Jan van Hest (Radboud University) and
on a glycosyltransferase with expanded sugar
substrate specificity under the supervision of
Prof. Carolyn Bertozzi (Stanford University).
Currently, she is a Ph.D. candidate working on
protein nanocage-based artificial organelles
under the supervision of Prof. Jan van Hest.

Jan van Hest obtained his Ph.D. from Eind-
hoven University of Technology (TU/e) in 1996
with Prof. EW. Meijer. In 2000 he was
appointed full professor at Radboud Univer-
sity Nijmegen. Since September 2016, he has
held the chair of Bio-organic Chemistry at TU/
e, and since May 2017 he has been the
scientific director of the Institute for Complex
Molecular Systems (ICMS). The group'’s focus is
to develop well-defined compartments for
nanomedicine and artificial cell research, using
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2. Transition Metal-Based Nanoreactors in
Living Cells

Organometallic catalysis has evolved to be a crucial toolbox for
organic synthesis over the years. The chemical versatility is large
and reactions can be catalyzed that are not to be found in living
systems. As such, much attention has been given over the past
decade to investigate the possibilities to introduce this type of
catalysis in living cells, to perform chemistry orthogonal to
natural processes, for example by labeling of cellular compo-
nents or the localized activation of prodrugs.'>'® Transition
metals are naturally present, particularly as co-factors in
enzymes, in which they play a key role in their catalytic activity,
mostly as Lewis acids or electron-transfer agents.'”'® However,
this doesn't imply that transition metal catalysis is easily
translated to the cellular environment. This type of catalysis is
mostly applied in organic solvents and at elevated temper-
atures; translation to the fixed conditions of the intracellular
environment is thus far from trivial. The complexes need to be
air- and water-stable and should be sufficiently active at
physiological temperatures. Another challenge is to maintain
catalytic activity in the extremely crowded environment of the
cell with high concentrations of thiols and amines, which are
often poisonous to the catalyst complexes and can even
completely inhibit their activity. Furthermore, many transition
metal complexes are known to have chemotherapeutic proper-
ties. Their mode of action varies from DNA intercalation,
disturbance of the cell's redox balance (either by causing
oxidative stress or reductive stress) to enzyme inhibition."” A
delicate balance is therefore necessary between stability and
activity, preventing interference with or by biological compo-
nents; in other words, bio-orthogonality is required.”**" In this
section we will focus on intracellular catalysis promoted by
organometallic complexes (Table 1). We will first describe
catalyst development for the main types of metals used,
followed by nanoparticle delivery strategies to facilitate intra-
cellular delivery and activity.

2.1. Ruthenium-mediated intracellular catalysis

Ruthenium has become one of the key players in organo-
metallic catalysis.***” Its eminent catalytic power stems from its
property to adopt a large range of oxidation states, resulting in
the development of a vast amount of complexes. Besides its
high versatility in catalytic transformations, it has good
tolerance to air, water and functional groups, depending on the
nature of the complex. It is therefore not surprising that its
activity has been examined in more complex media. Thiols,
which are abundantly present in the intracellular milieu,
however, have often been associated with catalyst poisoning
due to their strong coordinating properties. Nevertheless,
[Cp*Ru(cod)Cl] was found to catalyze the allylation of thiols in
organic solvent.”" This led to the first abiotic organometallic
catalyzed reaction inside live cells by Streu and Meggers.”?
Ruthenium complex [Cp*Ru(cod)Cl] was demonstrated to
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deprotect bis-allylcarbamate caged rhodamine (alloc-R110) in
the presence of cell extract supplemented with millimolar
concentrations of glutathione (GSH) to give rise to green
fluorescence (Table 1, entry 1). The presence of the stronger
nucleophile thiophenol (PhSH), boosted the reaction yield to
80%. Hela cells were treated with the probe, washed and
incubated with catalyst and thiophenol to afford a tenfold
increase in fluorescence.

The same approach was used by Mascarefas etal. to
uncage DNA staining agents.”® Incubation of chicken embryo
fibroblast (CEF) cells with an ethidium bromide based probe
showed in first instance green fluorescence mainly localized in
the cytosol. After treatment with catalyst and PhSH,
fluorescence mainly originated from the nucleus and further-
more, the emission changed from green to red (Table 1,
entry 2).

More recently, Meggers etal. reported about a more
efficient ruthenium catalyst for the cleavage of carbamates in
cells.” They made use of a ruthenium complex equipped with
derivatives of 2-quinolinecarboxylate [CpRu(QA)(allyl)]*, devel-
oped by Kitamura et al.®? This complex was employed for the
uncaging of alloc-R110 in Hela cells to obtain increased
fluorescence intensities of 70- to 130-fold (Table 1, entry 4). This
transformation was also used in a prodrug strategy. Doxorubicin
caged with an alloc group was introduced into Hela cells,
which were subsequently incubated with the catalyst with an 8-
hydroxyquinolinate ligand. With this highly active catalyst 1Cg,
values nearly that of free DOX were reached. Intracellular
conversion was not specifically investigated.®®

Going one step further than general intracellular catalysis,
complexes were directed to a specific organelle for intracellular
targeted catalysis. To this end, Mascarefas et al. tailored [CpRu
(QA)(allyl)]* with a triphenylphosphonium group for mitochon-
drial targeting (Table 1, entry 5).%° Hela and A549 cells were
treated with this tagged catalyst, prior to incubation with the
alloc-R110 probe. The resulting fluorescent signal colocalized
with a mitochondrial tracker. One of the phenyls of the
triphenylphosphonium moiety was then replaced by a 1-meth-
ylpyrenyl group, a blue fluorescent dye, to be able to observe
co-localization of catalyst, rhodamine 110 and mitochondrial
tracker. This unambiguously demonstrated that the reaction
occurred intracellularly.

Previous examples all involved free complexes which
entered cells because of their hydrophobicity, enabling them to
pass the cell membrane. Compartmentalization approaches
have also been applied, although the number of examples is
more limited. Gold nanoparticles were coated with a hydro-
phobic layer to enable encapsulation of either [Cp*Ru(cod)Cl] or
1,1- bis(diphenylphosphino) ferrocene)palladium(ll)dichloride)
(Figure 2).** The periphery of the coating was functionalized
with dimethylbenzylammonium groups, binding partners of
cucurbituril[7]. Complexation with cucurbituril[7] led to gating
of the catalytic activity by making the catalyst inaccessible to
the substrate. This was demonstrated in Hela cells treated with
the gated ruthenium containing nanoparticles. Addition of
alloc-R110 only showed background signal, whereas bright
fluorescence was observed upon subsequent treatment with 1-
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Table 1. Table 1
Overview of intracellular transition metal-promoted reactions.
Entry  (Pre-)catalyst Reaction Compartment Cell type/ Ref.
organism
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Table 1. continued
Entry  (Pre-)catalyst Reaction Compartment Cell type/ Ref.
organism
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Table 1. continued
Entry  (Pre-)catalyst Reaction Compartment Cell type/ Ref.
organism
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Table 1. continued
Entry  (Pre-)catalyst Reaction Compartment Cell type/ Ref.
organism
=
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adamantylamine, a competitive binding agent of cucurbituril[7]
(Table 1, entry 3). These nanoparticles were also successfully
applied in Hela cells in a prodrug strategy for the in situ
activation of alloc-caged doxorubicin and the (propargyl
protected) chemotherapeutic agent 5-fluorouracil (5-FU) (Ta-
ble 1, entry 3, 18).24%4
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[Ru(bpy);]** can facilitate azide reduction under reducing
conditions upon light irradiation.® To demonstrate this, a
fluorogenic probe was designed based on a rhodamine
derivative which was caged with an azidobenzyloxycarbonyl
moiety. The reaction is not efficient in highly diluted conditions,
therefore catalyst and probe were functionalized with ligands

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 2. Schematic overview of the intracellular activation of catalyst-
embedded gated Au nanoparticles. A) Coated gold nanoparticles are loaded
with [Cp*Ru(cod)Cl] and subsequently gated with cucurbituril[7]. B) After
cellular internalization, catalytic activity is blocked by steric hindrance from
cucurbituril[7]. C) Upon addition of 1-adamantylamine (red sphere), which
competes for the gating cucurbituril[7], catalytic activity is restored and
alloc-R110 is converted to rhodamine. Figure adapted with permission from
Ref. [24]. Copyright: 2015, Springer Nature.

to achieve intracellular complexation with template proteins to
bring them in proximity.”® This led to fluorescence upon Ru-
assisted photoreduction (Table 1, entry 7). This approach was
also applied in miRNA imaging in cell cultures®™ and in
zebrafish.®”! The same complex was integrated in a positively
charged cross-linked single chain nanoparticle (SCNP).”' Within
these particles, azidified rhodamine 110 was efficiently con-
verted in buffer and in Hela cells, likely because of hydrophobic

interactions which increase the local concentration of probe in
the particles (Table 1, entry 8).

Intracellular tandem catalysis was then achieved by the
introduction of [3-galactosidase, which was simultaneously
internalized by cells due to electrostatic interactions between
the negatively charged enzyme and the SCNP. The probe
consisted of an azidobenzylcarbonate-protected 4-meth-
ylumbelliferyl-B-p-galactopyranoside, which generated
fluorescence upon intracellular light-assisted conversion by the
Ru-complex containing SCNP, followed by enzymatic cleavage
of the sugar.

As mentioned earlier, enzymes often contain metal cofac-
tors which are required for their catalytic activity. With this in
mind, researchers have begun to explore the opportunity to
artificially introduce metals to proteins to create so-called
artificial metalloenzymes (ArMs).”® Benefiting from the innate
biocompatibility of proteins, a number of examples have been
successfully applied in an intracellular fashion.

As a first example, streptavidin was employed by Ward et al.
as proteinaceous carrier of the Hoveyda Grubbs second-
generation catalyst (HGI) to allow in cellulo ring closing
metathesis of a dye precursor (Figure 3 and Table 1, entry 9).5”
HGIl was coupled to biotin to be locked inside the protein.
Screening experiments showed that physiological concentra-
tions of GSH completely inhibited the catalytic activity. There-
fore, a strategy was developed to minimize catalyst poisoning
by directing the ArM to the periplasmic space of Escherichia coli,
where the GSH concentration is considerably lower than in the
cytosol. To this end, streptavidin was expressed containing a
periplasmic targeting sequence. Subsequently, biotin-HGII was
added to the cells, followed by the substrate to yield
fluorescent umbelliferone. Directed evolution was then used to
enhance the activity of the ArM.

In a similar fashion, a derivative of dimethylamino-tailored
[CpRu(QA)(allyh1™, developed by Meggers and co-workers, was

Cytoplasm

Periplasm

<"

Periplasmic
~, streptavidin

Artificial
metathase

Bio-orthogonal
metathesis

Figure 3. Schematic overview of artificial metalloenzyme-promoted metathesis in E. coli. A) Streptavidin (SAV) is directed to the periplasm by fusion with an
OmpA translocation signal. B) Binding of biotinylated HGII catalyst to the periplasmic streptavidin leads to the formation of an artificial metathase.

C) Conversion of umbelliferone precursor catalyzed by HGlI-loaded artificial metalloenzyme in the periplasm of E. coli. Figure adapted with permission from
Ref. [30]. Copyright: 2016, Springer Nature.
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immobilized in streptavidin to create an alloc-cleaving ArM.B"

To achieve cellular uptake of the protein complex, the
tetrameric nature of streptavidin was used. Besides complex-
ation with the biotinylated catalyst, the structure was charged
with a biotinylated poly(disulfide) cell-penetrating peptide
(CPP). The tetrameric complex was able to enter HEK293T cells,
which were engineered with a gene switch system for secreted
nanoluciferase expression, which is repressed in absence of
thyroid hormone triiodothyronine (T;). The ArM could uncage
alloc-protected T;, resulting in an increase in luminescence
(Table 1, entry 10). This catalytic activity was demonstrated to
be higher than when free (non-biotinylated) Ru-complex was
used.

The viability of ArMs has also been examined in a prodrug
strategy.®? For cellular uptake, the protein was functionalized
with a(2,3)-linked sialic acid terminated N-glycans, which were
previously shown to target certain cancer cells. As prodrug, a
precursor of the anticancer agent umbelliprenin was used,
which is converted into the active compound upon ring closing
metathesis (Table 1, entry 11). Incubation of cancer cells with
the glycosylated ArM together with the prodrug significantly
decreased cell proliferation to below 5%, whereas non-glycosy-
lated ArM was considerably less effective. It must be noted,
however, that it is unclear whether the ArMs accumulate on the
cell surface or are active intracellularly.

2.2. Copper-mediated intracellular catalysis

Copper is an obvious candidate as transition metal for intra-
cellular catalysis, as it is an endogenous component of cells.
An excess of copper is toxic to cells, therefore its presence is
strictly regulated by copper-binding chaperones and
transporters.”® Copper toxicity is mainly attributed to the
ability of Cu' to catalyze the production of reactive oxygen
species. A catalytic conversion which has shown good
biocompatibility and application potential in intracellular
organometallic-based catalysis is the copper-catalyzed azide-
alkyne cycloaddition (CuAAC).**®" Biocompatibility of this
reaction was, to some extent, already shown by its successful
execution in the soluble fraction of cell lysate.®” The first
example employing living cells demonstrated efficient labeling
of proteins on the cell surface of E. coli using CuAAC.¥
Notably, the cells could not divide anymore in rich medium
after the copper catalyzed labeling had taken place. The first
example of CuAAC inside live cells involved auxotrophic E. coli
bacteria which were supplied with alkyne-containing unnatu-
ral amino acids 4-ethynylphenylalanine or homopropargylala-
nine incorporated in the barstar protein.®® Treatment with
CuBr or CuSO,/TCEP, together with the ligand tris
(benzyltriazolylmethyl)amine (TBTA) and 3-azido-7-hydroxy-
coumarin led to Cu-catalyzed intracellular protein labeling
(Table 1, entry 12).

The translation to using CuAAC in the interior of living
mammalian cells proved to be more cumbersome, likely due
to toxicity of Cu' and sodium ascorbate (NaAsc), even in the
presence of TBTA.®® Furthermore, the reaction exhibited slow
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kinetics.®® CuAAC with TBTA could only effectively be
performed on fixed cells,*”"" with the exception of surface
glycan labeling of living Saccharomyces cerevisiae.”” With the
application  of  tris(3-hydroxypropyltriazolylmethyl)amine
(THPTA),” and a range of more water-soluble ligands, cellular
toxicity was significantly decreased,”*’® and labeling of cell
surface glycans and proteins of living mammalian cells and
zebrafish embryos was accomplished.”*®" The performance of
CuAAC was further improved by employing azides with an
additional copper-chelating moiety.®? This was applied in a
biological setting for labeling live HEK cell membrane proteins
using picolyl azides and also for labeling RNA and proteins
inside fixed cells.®" Inspired by this work, the first intracellular
CuAAC in live mammalian cells was reported. Taran and co-
workers prepared azide substrates tailored with different bis
(triazolylmethyl)amine moieties for chelation-assisted copper
catalysis (Table 1, entry 13).°¥ Screening assays in aqueous
medium showed CuAAC yields up to 75% within a few
minutes. In this manner, tubulin-targeting paclitaxel was
labeled with a dye inside HuH-7 cells. The disadvantage of this
system is that the catalyst is likely sequestered by the product.

Nanoformulations could be a solution to the adverse effects
of the intracellular environment to the catalyst and vice versa.
For this purpose a copper-nanoparticle formulation was
prepared using highly positively charged SCNPs with aspartate
moieties and quaternized imidazoles, which were physically
crosslinked by Cu" (Figure 4A, B).P* Together with a high
concentration of NaAsc (2 mM), they were shown to catalyze
intracellular CUAAC between 3-azido-7-hydroxycoumarin and 4-
ethynylanisole in NCI-H460 and MDA-MB-231 cells (Figure 4C
and Table 1, entry 14). Additionally, an antimicrobial agent was
synthesized in E. coli in this manner. The SCNPs were highly
effective as CuAAC was achieved with low copper concentra-
tions, however the high concentration of NaAsc, as well as the
non-biodegradable nature of the polymer are disadvantageous
for applications in living systems.

The effect of the shape of a nanocarrier on the intracellular
activity of the catalyst was shown by Zhang et al.®® Nano-
particles were prepared by reducing lipoic acid above its critical

Figure 4. Schematic overview of a catalytic single-chain nanoparticle.

A) Positively charged single chain nanoparticle crosslinked by complexation
with Cu". B) Schematic representation of quaternized imidazole moiety and
Cu'-aspartate crosslinking complex. C) CUAAC reaction scheme of the
generation of a fluorescent coumarin derivative. Figure adapted with
permission from Ref. [35]. Copyright: 2016, American Chemical Society.
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aggregation concentration with dithiothreitol. Subsequent
copper(0) encapsulation was achieved using CuSO, and NaBH,
to give rugby-ball-shaped nanoparticles. These could be turned
into small spherical nanoparticles of approximately 11 nm by an
additional NaBH, treatment. Exposure to UV light gave spherical
particles of approximately 47 nm. The rugby-ball-shaped par-
ticles were best taken up by Hela cells and generated the
highest fluorescent response after the cells were incubated with
3-azido-7-hydroxycoumarin and phenylacetylene (Table 1, en-
try 15). The catalysts were then used for intracellular synthesis
of an analogue of cytotoxic tubulin polymerization inhibitor
Combretastatin A4, a strategy used before when SKOV-3 cells
were treated with Cu-loaded nanoparticles.®

Another strategy to achieve intracellular CuAAC involved
120 nm sized metal-organic frameworks (MOFs) prepared from
ZrCl, and aminoterephthalic acid decorated with copper(0)
nanoparticles.®?” Additionally, they were tailored with triphenyl-
phosphonium moieties for mitochondrial targeting. Intracellular
activity was first shown using the 3-azido-7-hydroxycoumarin
probe (Table 1, entry 16). Then a resveratrol analogue was
synthesized intracellularly which created mitochondrial damage
as shown by cell viability assays, reactive oxygen species (ROS)
detection and indications of apoptosis. When resveratrol was
given directly to cells, this effect was not observed, meaning
that localized synthesis had a large effect on the mitochondria.
C. elegans were fed with the copper-MOFs and lit up blue after
incubation with 3-azido-7-hydroxycoumarin and phenylacety-
lene, showing the biocompatibility of the catalyst.

Micelles represent another nano-formulation in which
copper has been loaded. They were prepared from unimers
consisting of diallylamine coupled to cyclen via a dodecane
linker.”¥ They were crosslinked by Michael addition using
dithiothreitol and supplied with Cu', located at the surface of
the particles. In Hela cells, they were able to catalyze CuAAC
between 3-azido-7-hydroxycoumarin and phenylacetylene (Ta-
ble 1, entry 17).

2.3. Palladium-mediated intracellular catalysis

Palladium is one of the most widely used metal catalysts in
organic synthesis.®*®) Because of its broad tolerance to func-
tional groups and applicability in aqueous solutions, it exhibits
promising features as a biocompatible catalyst. To make it
amenable to biological substrates, much research has been
done in the development of water-soluble ligands for aqueous
Pd-mediated catalysis.®®®” These ligands have been used to
functionalize nucleotide derivatives,®® peptides®°" and
proteins.”¥ However, all reactions were carried out under a
protective atmosphere and sometimes using elevated temper-
atures or co-solvents. The first efficient biocompatible proce-
dure was reported in 2009, when a protein tailored with a
chemically introduced 4-iodophenyl moiety was coupled to a
variety of boronic acids via Suzuki-Miyaura cross-coupling in
excellent yields.®™ For this reaction a large excess of a
combination of Pd(OAc), and 2-amino-4,6-dihydroxypyrimidine
(ADHP) was used.” In a different approach, 4-iodophenylala-
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nine was genetically incorporated in a protein and subjected to
Suzuki-Miyaura coupling using the same catalyst-ligand
combination.” This strategy was successfully employed to label
membrane protein OmpC on the surface of live E. coli cells with
boronic acid-tailored fluorophores® and sugars.”® Although
ligand optimization resulted in better catalytic activity, still high
amounts of catalyst and reagent were required for coupling to
proteins."™ Cell-surface labeling of mammalian cells was also
achieved."®" Hela cells were first functionalized with aryl iodide
groups using N-succinimidyl-p-iodobenzoate. This was followed
by Suzuki-Miyaura coupling with arylboronic acid-tailored
biotin.

A study by Mascarefias et al. demonstrates the importance
of choosing the right ligands for a catalyst complex in living
systems.’? Several palladium complexes were examined for
their ability to catalyze depropargylations and alloc cleavages in
aqueous media. Water-soluble complexes with pyridine or
methionine-based ligands were the best candidates in simple
aqueous media, whereas more hydrophobic phosphine-teth-
ered complexes acted poorly. In cell lysates, the inverse was
true. The water-soluble complexes were not stable enough to
survive the hostile environment, whereas the phosphine-
containing complexes were able to convert the substrate. These
catalysts were able to depropargylate probes and cleave alloc
groups in Vero and in Hela cells (Table 1, entry 19). It must be
noted that the cells were incubated with probe before the
catalyst was introduced to the cells. In case of the depropargy-
lations, no significant fluorescence was observed when the
inverse protocol was followed.

Palladium-species Pd(dba), and Pd,allyl,Cl, were demon-
strated to reactivate proteins in living cells.*” To this end, OspF
was expressed in Hela cells, containing a lysine protected with
a propargyloxycarbonyl (poc) group in its active site. The poc
group was chosen over the alloc group, because it was shown
to be cleaved more efficiently in PBS. This was also observed in
a previous study." OspF can irreversibly dephosphorylate ERK
kinase via an elimination route to give a trisubstituted alkene
instead of the phosphorylated threonine. Using immunoassays,
it was shown that poc-containing OspF could not dephosphor-
ylate ERK in Hela cells. This activity was restored to some extent
by loading the cells with either of the two Pd catalysts (Table 1,
entry 20).

An additional protein gain of function study involved
allene-caged tyrosine residues.*” The activity of a Src kinase
mutant containing an allene-caged tyrosine could be restored
intracellularly upon incubation with either Pd,allyl,Cl, or Pd-
(dba), (Table 1, entry 21).

A range of different carrier systems have been reported to
facilitate palladium-mediated catalysis in living cells. Bradley
et al. loaded amine-presenting polystyrene nanoparticles with
Pd(OAc), and reduced this to Pd® using hydrazine®? The
spheres were taken up by cells to convert alloc-R110 (Table 1,
entry 22). Furthermore, they demonstrated the ability of the Pd
spheres to promote an intracellular C—C bond formation
reaction via Suzuki-Miyaura coupling of a triflate-containing
fluorescein-like profluorophore and an alkylaminophenylbor-
onic acid pinacol ester tagged with a mitochondria-targeting

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH


https://onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1439-7633.Xenobiology

ChemBioChem

Reviews
doi.org/10.1002/cbic.202000850

Chemistry
Europe

European Chemical
Societies Publishing

moiety (Figure 5). Imaging on fixed cells showed mitochondrial
localization of the product. Pd® resins were hereafter used for
the uncaging or insitu synthesis of several prodrugs in
mammalian cell culture.'®™ To further improve on selective
particle uptake the Pd-nanoparticles were functionalized with
cRGDfE peptides, which have affinity for cells expressing the
a,B; receptor, such as U87-MG cells.”® The nanoparticles were
shown to create intracellularly the cytotoxic PP-121 via Suzuki-
Miyaura coupling, leading to decreased cell viability (Table 1,
entry 23). Pd" has been introduced to cells using a similar
peptide, HRGDH, where it was catalytically active."*”

Recently, a new strategy was applied to introduce palladium
nanoparticles to cells, involving exosomes.*” Such vesicles bud
from their progenitor cells for communication purposes and
preferentially reach cells of the same cell type. Although it is
difficult to isolate them and keep them stable over time, they
are promising vectors for targeted delivery. A549 exosomes
were incubated with water-soluble K,PdCl, purified and
exposed to 6 bars of CO gas to create palladium(0) nanosheets

./ EX/Em =488 /540 nm

Cytoplasm Mitochondrion

Figure 5. Schematic overview of intracellular Suzuki-Miyaura coupling
promoted by Pd’-loaded polystyrene nanoparticles. A fluorescent mitochon-
drial tracker is prepared upon coupling of a profluorophore to a
triphenylphosphonium moiety. Figure adapted with permission from

Ref. [42]. Copyright: 2011, Springer Nature.
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within the exosomes. CO was the reductant of choice, since it is
relatively mild to minimize damage to exosomal proteins. The
Pd-exosomes were used for prodrug activation. Anti-tumor
drug panobinostat was modified with a self-immolative linker,
conjugated to a propargyl ether to enable Pd-mediated
uncaging (Table 1, entry 24). Due to the cell-specific uptake of
the exosomes, the cell viability of A549 cells significantly
decreased, whereas this was not observed for U87 cells.

Pd-nanoparticle promoted alloc-cleavage reactions were
investigated by Weissleder etal. in a biomedical context.””
Highly lipophilic PdCI,(TFP), was encapsulated in poly(lactic-co-
glycolic acid)-poly(ethylene glycol) (PLGA-PEG) micelles. In this
manner, better bioavailability and protection of the catalyst
against the environment was achieved, as well as accumulation
in tumors because of the enhanced permeability and retention
effect."® Also, cellular uptake using the Pd-nanoparticles was
higher compared to incubation with the free Pd complex. The
catalytic activity was examined in HT1080 cell cultures, which
were treated with the Pd-loaded nanoparticles (NPs) and with
either alloc-R110 or a procoumarin substrate for Heck reactions.
After washing, both cell cultures showed a fluorescent signal.
However, it was not clear whether the cleavage and Heck
reaction mainly occurred in the medium or intracellularly or
both. Finally, the Pd-nanoparticles were shown to accumulate
in tumor tissue in live mice and activate alloc-protected
doxorubicin (Table 1, entry 25).

A further improvement was made by immobilizing the
prodrug into separate PLGA-PEG micelles via a self-immolative
linker and a Pd-cleavable group (Figure 6).9 In this dual
nanotherapy strategy, the EPR effect was used to increase the
local tumor concentration of catalyst and prodrug, with minimal
leakage of the prodrug. The PLGA-PEG micelles were shown to
end up in late endosomes and lysosomes of HT1080 cells. Co-
localization of pro-doxorubicin anchored micelles and Pd-NPs
was demonstrated, followed by accumulation of doxorubicin in
the nucleus, suggesting that the catalysts were intracellularly
active. Another prodrug, caged monomethyl auristatin E

tumor
s

local prodrug activation
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=
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Figure 6. Schematic overview of Pd-mediated activation of a compartmentalized prodrug in mice. The caged prodrug and PdCI,(TFP), are loaded into separate
PLGA-PEG micelles, which are then injected into mice. There, the drug is released by Pd-catalyzed alloc cleavage and subsequent degradation of the self-
immolative linker. Figure reproduced with permission from Ref. [46]. Copyright: 2018, Miller et al.
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(MMAE), was also anchored in micelles. When cells were co-
incubated with the catalyst and the prodrug particles, 1Cs,
values were achieved of almost those of native MMAE (Table 1,
entry 25).

Photo-activatable palladium nanoparticles have also been
developed.*” Nanopalladium loaded macroporous silica nano-
particles were functionalized with azobenzene moieties and
subsequently closed with cyclodextrin via host-guest interac-
tions to block the entrances to the catalyst. Cyclodextrin was
released upon light irradiation, due to azobenzene isomer-
ization, clearing the way for substrates. In this manner, alloc
cleavage and Suzuki-Miyaura coupling was achieved in Hela
cells (Table 1, entry 26).

Recently, Pd nanocubes were encapsulated inside polymer-
stabilized Zn-based zeolitic imidazolate frameworks (ZIF-8) as a
means to provide protection of the catalyst against external
stimuli®® The Pd-MOFs were catalytically active inside cells,
demonstrated by uncaging of poc-protected cresyl violet
(Table 1, entry 27). When the cells were washed and exposed to
fresh substrate, a rise in fluorescence was observed again. This
was repeated up to 4 cycles, proving that the particles
remained active over a longer time. In contrast to several
discrete Pd complexes as well as non-encapsulated Pd NPs,
which were less active and did not show activity during the
second cycle.

2.4. Gold-mediated intracellular catalysis

Cationic gold species are so called carbophilic catalysts, they
selectively activate acetylenes to make them susceptible to
nucleophilic attack."'% Furthermore, they are relatively stable
towards oxygen and moisture. These properties make them
suitable biocompatible catalysts.

The two first cases of in vivo gold-promoted catalysis do not
specifically target the intracellular environment. In one example,
a coumarin-tailored Au" catalyst was complexed with
albumin."® The type of protein-surface glycosylation deter-
mined the fate of the catalyst. In this manner, the liver and
intestines were labeled in a targeted fashion by propargyl ester
probes. In the other example, a heterogenous catalyst was
prepared by growing nanometer sized gold beads onto a 75
micron-sized solid support."'” This was surgically placed in the
brain of zebrafish larvae and showed local conversion of poc-
caged R110.

Recently, gold nanorods have been introduced to cells
together with TiO, NPs inside a silica shell for localized
photodegradation of rhodamine B and generation of ROS.""" In
another intracellular approach, a gold-complex was shown to
be catalytically active inside cells.”” Several Au—Cl complexes
were screened for their reactivity as well as their toxicity to
cells. As most complexes showed good to excellent activity in
water, considerable differences in cytotoxicity were observed,
depending on the coordinating ligand. The most suitable
complex was examined in a variety of media, resulting in the
observation that GSH and cysteine completely abolished
catalytic activity. Nevertheless, it was possible to convert a
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coumarin dye precursor inside living cells via hydroarylation
(Table 1, entry 28). The reaction was also carried out in living
cells in the presence of another catalyst. A phosphonium
tagged Ru catalyst was chosen to deallylate a profluorescent
compound to give an infrared emitter (Table 1, entry 6). Cells
that were treated with both catalysts, followed by the probes,
showed fluorescence of both products.

3. Premade Semisynthetic artificial organelles

Although organometallic complexes often have the ability to
cross the cell membrane because of their hydrophobic nature,
cellular uptake of other catalysts, such as free enzymes is very
limited. A carrier is therefore essential to transport an externally
produced enzyme over the cell membrane. Furthermore, free
enzymes are susceptible to proteolytic degradation and direct
functionalization to improve stability or cellular uptake often
comes at the cost of catalytic activity. Encapsulation inside a
micro- or nanovehicle offers two main advantages. It offers
protection against external stimuli and secondly, the carrier can
be functionalized in order to facilitate cellular internalization or
target a specific cell type without affecting the enzyme in its
interior. Such a compartment needs to meet certain require-
ments. Low immunogenicity and toxicity are essential. The
structure is preferably bio-degradable, so it can be eventually
cleared from the cell to avoid accumulation of abiotic material.
Moreover, the compartment needs to allow a flux of substrate
and product to allow the catalytic entity to carry out its function
and to prevent a local build-up of product. This is generally
achieved either via the installation of pore proteins or by using
a membrane which is inherently semi-permeable and thereby
allows for the diffusion of small molecules. As such, the biggest
developments have been made with polymer-based and
protein-based nanoreactors (Figure 7). As both of these systems
have been extensively reviewed,'">" they will only be
discussed here in brief.

3.1. Polymer-based nanoreactors

Architectures of different nature have been applied as artificial
organelles, ranging in material, composition and size.""™ Of
these, polymersomes are the most represented. These are
polymeric nanometer-range sized vesicular assemblies which
are able to encapsulate compounds in their aqueous lumen.
Polymersomes prepared from triblock co-polymer poly
(methyloxazoline)-poly(dimethylsiloxane)-poly(methyl-oxazo-

line) (PMOXA-b-PDMS-b-PMOXA) containing different (bio)
catalysts, for example, trypsin,"'® Super oxide dismutase (SOD)
together with lactoperoxidase,'"”""® horseradish peroxidase
(HRP)' and a Cu" complex with anti-oxidant properties,"*”
have been demonstrated to act as intracellular organelles.
Superoxide and highly hydrophobic compounds were able to
spontaneously diffuse across the membrane, but to grant
access to bigger hydrophilic molecules, protein pore OmpF was
installed in the membrane. By modifying this protein, a
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Figure 7. Schematic representation of strategies leading towards the in vitro
production of semisynthetic artificial organelles. Enzymes can be encapsu-
lated in vesicles, which consist of either amphiphilic polymers (polymer-
somes), lipids (liposomes) or a combination of poly-aniomers and catiomers
(PICsomes). Alternatively, enzymes can be encapsulated in multicompart-
mentalized carriers, capsosomes, consisting of enzyme-loaded lipid vesicles
that are embedded in a polyelectrolyte layer by layer capsule. Another
encapsulation strategy is to load protein cages with enzymes or metal
catalysts. After cellular uptake, these semisynthetic artificial organelles
demonstrate transient intracellular activity.

stimulus-responsive artificial organelle was produced. An OmpF
mutant with surface cysteines was capped with a fluorophore
through a disulfide bond to block the entrance of the porin
protein."'? It was envisioned that the presence of endogenous
thiols, such as GSH, would release the cap through disulfide
exchange to make the interior of the polymersome accessible
to substrates. As catalytic species, HRP was encapsulated which
can convert Amplex Ultra Red into a fluorescent product in the
presence of H,0,. In vitro assays showed a 36% reduced
turnover compared with noncapped nanoreactors. After cellular
uptake in Hela cells, the capped as well as the non-capped
polymersomes caused the cells to light up when incubated
with the probe and H,0,. The nanoreactors were shown to be
biocompatible in zebrafish embryos. The vesicles co-localized
with macrophages, in which they converted the probe using
endogenous H,0..

To improve cellular uptake, intrinsically semipermeable
polymersomes loaded with HRP were assembled out of
polystyrene-b-poly(isocyano-alanine(2-thiophen-3-yl-ethyl)
amide) (PS-PIAT) and polystyrene-b-poly(ethylene glycol) (PS-
PEG) functionalized with CPP Tat."?" Still 42% of the initial
intracellular activity of HRP was present after 16 hours. Instead
of mixing different synthetic polymers, lipids and block co-
polymers have been combined to make hybrid nanoreactor
vesicles."”? They were composed of poly
(cholesterylmethacrylate)-block-poly(2-(dimethylamino)  ethyl
methacrylate) (o CMA-b-pDMAEMA) and 1-palmitoyl-2-oleoyl-sn-
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glycero-3-phosphocholine and loaded with glucose oxidase
(GOx) or P-galactosidase. Catalytic activity was demonstrated
inside 264.7 RAW macrophages, where GOx elevated ROS levels
and f-galactosidase created nitric oxide from [3-gal-NONOate.
The same block co-polymer was used to prepare micelles
containing a manganese complex with anti-oxidant properties.
The structures protected HepG2 cells against oxidative stress.'*
This specific cationic block co-polymer was chosen for its ability
to induce endosomal/lysosomal escape through the proton
sponge effect. This leads to a rupture of the endogenous
vesicles, resulting in release of the entire endosome/lysosome
into the cytosol, which affects cell viability.

To fulfill the requirement of biodegradability of the carrier,
polymersomes prepared from poly(ethylene glycol)-b-poly(e-
caprolactone-g-trimethylene carbonate) (PEG-b-P(CL-g-TMCQ))
were designed (Figure 8)."** During self-assembly in a mixture
of water and non-toxic oligo(ethylene glycol), they were loaded
with catalase. Functionalization with Tat was shown to boost
cellular internalization in mitochondrial complex-I-deficient
primary fibroblasts. There, the artificial organelles offered
protection against exogenous H,O, showing the therapeutic
potential of such nanoreactors.

The invivo potential of nanoreactors was shown in a
prodrug approach for cancer therapy. The enzyme f-galactosi-
dase was encapsulated in pegylated polyion complex vesicles
(PICsomes), prepared from block aniomer PEG—P(Asp) and
homocatiomer P(Asp-AP)."*! They were crosslinked using EDC
to give stable semipermeable enzyme-loaded vesicles. These
accumulated in the tumor of tumor-bearing mice, where a
fluorogenic probe was subsequently converted. A similar
strategy was used with polymersomes to convert 3-p-galacto-
pyranoside caged doxorubicin into its active component.
Activity was demonstrated in Hela cells and in tumor-bearing
mice.'*

Liposomes have also been used as carrier systems to
introduce functional cargo into cells. They were filled with all

Enzyme
encapsulation
S e

&

ROS Shielding
o .@—l H,0,

Figure 8. Schematic overview of biodegradable artificial organelles. A) PEG-
b-P(CL-g-TMC) polymersomes were loaded with catalase. B) Inherent semi-
permeability allows for a flux of substrate (x) and product (y). C) Cellular
internalization is enhanced by functionalization of polymersomes with cell-
penetrating peptides. D) Catalase-mediated intracellular protection against
H,0.,. Figure reproduced with permission from Ref. [124]. Copyright: 2018,
Van Oppen et al.
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components of a PCR mixture and internalized by CHO-K1 cells
leading to synthesis of a red fluorescent protein.?” This
indicates either escape of the DNA from the liposome, or
disruption of the vesicle. In another study, GFP mRNA
amplification machinery was introduced to blood platelets,
which are not nucleated."® The onset of intracellular mRNA
synthesis involved light irradiation to free caged ATP. Increased
levels of mRNA were detected. However, subsequent tran-
scription was not mentioned.

The use of multicompartment carriers is especially appeal-
ing, because it opens the possibility of multiple confined
processes to take place simultaneously within the same carrier
system. Such a system, composed of [-lactamase-loaded lip-
osomes within a polyelectrolyte layer by layer capsule was
designed by Caruso et al."* The so-called capsosomes were
prepared using a silica template core which was finally removed
without affecting enzymatic activity. It was for the first time
applied in an intracellular fashion with GOx as catalytic
species.*™ In this setup, the particles were fortified with a layer
of polydopamine and tailored with RGD peptides for cellular
uptake. The silica core was not removed before utilization in a
cellular context. RAW 264.7 macrophages which had internal-
ized the microreactors were incubated with high concentrations
of glucose, resulting in toxicity due to GOx-mediated H,O,
formation.

Multicompartmentalized carriers can also promote reactions
in parallel.™" Capsosomes were prepared having two different
liposome populations, either containing HRP or trypsin. The
thiol-containing outer layer was crosslinked with bis-maleimide
functionalized linkers. The resulting two-enzyme microreactor
was internalized by RAW 264.7 macrophages and activity was
shown by the generation of fluorescence upon incubation with
Amplex Red, H,0, and Bis-(CBZ-lle-Pro-Arg)-R110. Using another
combination of enzymes, an intracellular cascade reaction could
be carried out by the capsosomes.™ GOx and HRP were
incorporated and the vectors were internalized by RAW 264.7
macrophages. There, GOx oxidized glucose to give H,O, as
byproduct, which could subsequently be used by HRP to
convert Amplex Red into resorufin.

To complement the inner catalytic activity, capsosomes
were equipped with an outer layer with non-enzymatic anti-
oxidant properties 33134

3.2. Protein-based nanoreactors

There are many protein-based cage structures that can be used
for artificial organelle development. For example, due to their
natural capacity to store iron, ferritins can be engineered into
metal-catalyst-containing nanoreactors."**"*? As ferritins are
hollow spheres that naturally can accommodate up to 4500
iron atoms, their 8 nm inner diameter provides sufficient space
to incorporate other metal ions and complexes as well. More-
over, re-engineering of key subunit interfaces has led to the
development of slightly smaller' and larger™® ferritin cages,
indicating that the size can be tuned to accommodate a variety
of cargoes optimally. As such, ferritins were used for the
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templated formation of manganese oxide from Mn" and
MnO,~,"** gold nanoparticles from various gold complexes,"*”!
and palladium nanoparticles from Pd" salts,"*" of which the
latter could be used in vitro to catalyze the oxidation of primary
and secondary alcohols in aqueous solutions. More importantly,
ferritins loaded with CeO, nanoparticles were used as SOD-
mimic in a live-cell system.™? Not only was the apoferritin-CeO,
complex 3.5 times more active as ROS scavenger in vitro than a
control SOD, but encapsulation by ferritin also increased the
intracellular uptake of the nano-CeO, as well as the oxidative
stress relief of the cells. Besides metal catalysts, also enzymes
have been encapsulated into ferritins. For example, Hilvert and
co-workers developed an efficient cargo-loading strategy based
on electrostatic interactions with the anionic core of the
Archaeoglobus fulgidus ferritin by fusing positively supercharged
GFP tags to various enzymes."* It was demonstrated that the
enzymes retained high activity invitro and were protected
against proteolysis and heat. Via the same strategy Kostiainen
and co-workers have encapsulated a lysozyme inside the
Thermotoga maritima ferritin cage."* Most interestingly, this
enzyme encapsulation method was reversible in vitro under
mild conditions and in addition the enzyme loaded ferritins
could form three-dimensional arrays with gold nanoparticles.
Such developments indicate a great future for ferritins in the
generation of adaptive and responsive systems, for example in
responsive artificial organelle development. Demonstrating the
application of ferritins as artificial organelles even further are
recent reports of therapeutic use of enzyme-loaded ferritins.
SOD-loaded ferritins have been delivered to caveolae where
they ended up in the endosomes of endothelial cells."* In a
mice model, the artificial organelles provided an anti-inflamma-
tory effect due to the SOD activity. In another study a
cytochrome C loaded ferritin has been delivered to the acute
promyelocytic leukemia NB4 cell line in vitro."*® In this system
the activity of cytochrome C induced apoptosis of the cancer
cells, indicating that ferritin-based artificial organelles could be
used in the future for therapeutic applications.

Chaperonins are another class of protein nanocages that are
used in nanoreactor development. For example, the thermo-
some (THS) has been used to encapsulate a Cu'-catalyst™*” or
HRP'® to catalyze atom-transfer radical polymerization reac-
tions yielding very monodisperse polymers. These reactions
benefitted from the capability of THS to use ATP in order to
cycle between open and closed states, allowing macromole-
cules, e.g. polymers, to leave the cage interior. In addition, by
coating the two cavities of THS with dendritic poly
(amidoamine) very monodisperse gold nanoparticles could be
biomineralized with diameters of 4.04+1.5 and 2.441.0 nm.'"*
These examples demonstrate that the THS cavities are compat-
ible with both metals and enzymes, which could be useful for
further development of these nanoreactors into various artificial
organelles. The barrel-shaped interior of another chaperone,
GroEL, could also be used for such applications since it can
accommodate iron catalysts in a hemin form."**'*? The
peroxidase mimicking activity of the resulting nanoreactors has
been used for the colorimetric™® and chromogenic™" detec-
tion of H,0,, glucose and catechol, but also for the oxidation of
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homovanillic acid,"*? which is of course more interesting from
an artificial organelle point of view.

4. Artificial Organelles Produced in Vivo

The usage of protein-based nanoreactors offers another exciting
prospect for the field of artificial organelles. Instead of
incorporating premade nanoreactors, which will display tran-
sient activity, artificial organelles can be made insitu by
employing the cell's own protein expression capacity. For this
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Figure 9. Schematic representation of strategies leading to the in vivo production of protein-based artificial organelles. A) By tuning the properties of elastin-
like proteins (ELPs), protein-based vesicles can be formed that can self-assemble intracellularly or can encapsulate enzymes in vivo. By combining both
strategies in vivo, artificial organelle production could be achieved in the future. B) Proteinaceous organelles (encapsulins) are engineered to allow the in vivo
formation and activity of artificial organelles. This can be done by attaching native cargo-sorting sequences to non-native cargo enzymes. C) Cage-like
enzymes (lumazine synthases) are engineered into in vivo artificial organelles either by attaching the native cargo-sorting signal to non-native enzymes or by
expansion of the protein cage and loading of (multiple) novel enzymes according to several in vitro and in vivo cargo-loading strategies. D) After removal of
the genome from viral cages, these protein-based compartments can be loaded with (multiple) non-native enzymes by diverse engineered cargo-loading
strategies. After further improvements of the self-assembly dynamics, in vivo cargo-loading, and the stability of the protein cage in the absence of the viral
genome, in vivo artificial organelle production can be achieved. E) By computational de novo protein design novel artificial organelles with optimal features
for specific catalytic applications are being developed in a bottom-up approach.
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approach to be feasible both the capsule material and the
cargo need to be produced by the cell and assembled together
into an organelle with a clearly distinguishable functionality, for
example catalytic activity. Preferably the reaction that is
catalyzed is novel to the cell or restores or improves a native
function. This in vivo approach requires the cell to produce all
components, which has as a major benefit that the acquired
functionality is inheritable and can be passed on to further
generations. This however makes it of course also more
challenging than in vitro approaches, as our current under-
standing of cell engineering towards the production of
exogenous compounds is limited. Although in principle DNA-
origami enzyme carriers"*'*¥ could be further developed into
this direction as well, the biggest advancements in this strategy
are made with protein-based systems (Figure 9), as protein
engineering is well established, as will be described here in
further detail. We will focus on those systems in which the most
developments towards in vivo production of artificial organelles
have been made and the progress towards in cellulo self-
assembly, cargo loading, and catalytic activity will be described.
Where it is applicable, we will discuss the added value that the
artificial organelle (precursor) brings to cells or the catalytic
process.

4.1. ELP-based organelles: Protein-based organelles that
mimic lipid vesicles

The protein-based structures that perhaps mimic the classical
amphiphilic lipid-membrane structure the most are based on
elastin-like polypeptides (ELPs; Figure 9A). As the name of these
proteinaceous domains indicates, ELPs are derived from elastin,
more precisely from its hydrophobic domains.™ It has been
established that repetitions of the VPGVG sequence present in
these hydrophobic regions have stimulus-responsive coacerva-
tion behavior and can thus be reversibly switched between a
water soluble state below their lower critical solution temper-
ature (LCST) and a hydrophobic state above the LCST."*® Most
interestingly, this behavior can be tuned by ionic strength,
length of the ELP domain, or by altering the fourth residue
(guest residue) of the pentapeptide repeat. By constructing a
diblock co-polypeptide in which the guest residues in the
pentapeptide repeats were modified in such a way that a
hydrophobic and a hydrophilic block were obtained, amphi-
philic behavior was introduced that, under specific conditions,
led to the invitro self-assembly of the amphiphilic ELPs into
several spherical micellar or vesicular particles."”

These ELP particles have been further developed into
artificial organelle- or cell-like structures in vitro. For example,
Schiller and co-workers have demonstrated that one set of
assembly conditions can trigger the self-assembly of different
ELP building blocks into protein membrane-based compart-
ments (PMBCs) with tunable physicochemical properties."™®
Although these assembly conditions were not cell-like, such a
strategy could work very well inside the cytosol where it is
perhaps more difficult to trigger assembly based on changing
conditions than in an invitro setting. Interestingly, it was
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demonstrated that the ELP membranes of these PMBCs can
fuse with lipid membranes, forming protein-lipid hybrid
membranes."*® This could be very interesting for exchange
between artificial and natural organelles or for mimicking
vesicular transport. Furthermore, it was demonstrated that a
wide variety of cargo molecules and proteins could be
incorporated into the PMBCs,™® which was used in the
development of ELP-based protocells."*® A T4 DNA ligase was
encapsulated to mimic anabolic enzymatic reactions and a TEV
protease was encapsulated or genetically fused to the amphi-
philic membrane ELP as an example of catabolic activity.
Adding to this in vitro functionality, Pirzer and co-workers have
developed synthetic cells based on amphiphilic ELPs that are
able to produce a functional RNA and protein and, most
interestingly, to grow in an autonomous manner."®" For this
purpose, a cell-free transcription-translation system was encap-
sulated together with the DNA template encoding for an RNA
aptamer, a fluorescent protein and the amphiphilic ELP.
Incorporation of this ELP into the existing membrane allowed
for vesicle growth. Such self-forming functionality could be a
great advancement towards artificial organelles that can
replicate together with their host cells.

Although most work described above is focused on creating
ELP-based synthetic cells, ELP-based particles have also been

Fluorescent Hydrophobic Hydrophilic
protein domain  ELP domain ELP domain
e -

Artificial amphiphilic protein

1Tum

Figure 10. Overview of ELP compartments produced in vivo. A) Schematic
representation of the production of a compartment (green) from plasmid
DNA in E. coli. B) Schematic representation of the amphiphilic protein
containing an N-terminal fluorescent domain and hydrophobic and hydro-
philic ELP domains. C) Epifluorescence microscopy (left) and transmission
electron microscopy (right) images of E. coli containing the ELP compart-
ments as bright fluorescent spots (left) and clear regions (right). Figure
adapted with permission from Ref. [162]. Copyright: 2014, Springer Nature.
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employed inside E. coli cells (Figure 10)."? Amphiphilic ELPs  4.2. Encapsulins: Engineering natural proteinaceous
that were expressed in E. coli formed insitu organelle-like ~ compartments into artificial organelles
compartments with a membrane thickness of around 9 nm and
a size that could be tuned between 40 nm and several hundred  In contrast to the ELP compartments described above, some
nanometers. In addition, the incorporation of the noncanonical  protein-based compartments are already naturally existing in
amino acid p-azido-L-phenylalanine in the ELP sequence prokaryotes such as encapsulins, carboxysomes and the Pdu
allowed for the in vivo functionalization of these compartments  microcompartment.* Such compartments can be experimen-
with for example a rhodamine dye. Furthermore, it was tally adapted to incorporate new functions or to be functional
demonstrated that the ELP membranes interacted with the in higher-order organisms. Although some engineering into
cellular membrane, which is again very promising for exchange artificial organelles has been done with carboxysomes,"®*'®!
and communication of the artificial organelle with the native = most of the developments in this field have been made with
system. Although no invivo activity was established yet, the  encapsulins. (Figure 9B). As such, these will be discussed here in
protein-encapsulation approaches used to generate ELP-based  further detail. Encapsulins are proteinaceous nanocompart-
synthetic cells"*” could be used to incorporate active enzymes  ments of 20-32 nm in size and are present in a great variety of
during self-assembly of the ELP compartments inside cells.  bacteria and archaea as organelles that are involved in iron
Thus, their tunable properties, promising invitro catalytic = mineralization, oxidative and nitrosative stress resistance and
activity, and dynamic exchange behavior invivo make ELP-  anaerobic ammonium oxidation.'® As such, a large number of
based particles great candidates for further development into  cargo proteins are being targeted into the encapsulin core in
artificial organelles. nature. Quite recently, Sutter and co-workers discovered that
this cargo sorting is being facilitated by a short C-terminal
polypeptide tag on the cargo protein that can be recognized by
a binding site on the interior of the encapsulin
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Figure 11. Overview of encapsulin-based artificial organelles. A) M. xanthus encapsulin engineering into artificial organelles in S. cerevisiae. Attachment of the
encapsulin-targeting peptide to cargo proteins results in encapsulation in vivo and thus the formation of artificial organelles that are catalytically active, bring
multiple enzymes into close proximity and protect cargo enzymes from proteases.!'”® B) M. xanthus encapsulin engineering into artificial organelles in HEK
293T cells. Heterologous protein expression results in the formation of the bacterial encapsulin loaded with its native cargo proteins in mammalian cells
(middle panel). By attaching the encapsulation sequences of the native cargo proteins to non-native proteins, artificial organelles can be formed. These can be
applied for in vivo stabilization of loaded proteins (top left), reconstitution of split-fluorescent and split-bioluminescent proteins (top right), iron
biomineralization (bottom right), and even the formation of a melanosome that converts tyrosine into melanin (bottom left)."” Figures adapted with
permission from Ref. [178] and [179]. Copyright 2018: Lau et al. and Sigmund et al., respectively.

ChemBioChem 2021, 22, 20512078 www.chembiochem.org 2068 © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH


https://onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1439-7633.Xenobiology

Chemistry

Reviews Europe ,
ChemBioChem doi.org/10.1002/cbic.202000850 Socetes ublishing
compartment.’®® This discovery revealed the potential for tyrosinase, and iron biomineralization were established in

targeted sorting of exogenous cargoes inside these nano-
compartments, making encapsulins great candidates for a
plethora of applications in nanotechnology."™ A variety of
promising biomedical advancements have been made, such as
the generation of iron-sequestering encapsulins that could
function as electron microscopy gene reporters,'®® the forma-

tion of antimicrobial encapsulins that contain silver
nanoparticles™ or enhance the production of antimicrobial
peptides,’” and the modification of the encapsulin surface

with photo-switchable fluorophores"’" or protection groups

against protease degradation.'’? However, the focus below will
be on developments that are beneficial for artificial organelle
fabrication.

As encapsulins are protein-based nanocompartments that
are naturally produced, there has not been a great necessity for
capsid engineering in order to make them suitable for artificial
organelle development. However, as the pores of native
encapsulins are generally quite small, they might limit diffusion
of substrates and products. Therefore, the pores of the T.
maritima encapsulin have been enlarged from 3 A to 11 A by
redesign of the pore-forming sequence.'” Such an approach
could be used to enhance the mass transport through other
encapsulins as well and could thus be very fundamental for
proper artificial organelle function.

Another approach to increase the catalytic possibilities of
encapsulins is to diversify the cargoes that can be encapsulated.
Various research groups have achieved this by creating genetic
fusions of the specific sorting peptide and the cargo of interest
and this has led to encapsulins that were loaded with various
fluorescent or bioluminescent proteins in vivo"’*"’® and
in vitro."’®" Besides these model protein cargoes, also more
functional proteins have been incorporated into encapsulins
and even their in vivo functionality has been established. For
example, it has been shown that teal fluorescent protein-loaded
encapsulins can be taken up by macrophages, which demon-
strates that encapsulins can be used to deliver cargo proteins to
cells."”7 Most interestingly, encapsulin artificial organelle func-
tionality has been described in both yeast"”® and mammalian
cells," demonstrating that these bacterial organelles can be
used in higher order organisms as well (Figure 11). For the yeast
system, Silver and co-workers expressed the Myxococcus
xanthus encapsulin (EncMx) in S. cerevisiae together with various
cargo proteins that were tagged with sorting peptides (Fig-
ure 11A).""® They demonstrated that cargo proteins could be
selectively encapsulated in vivo, which provided stabilization of
a destabilized mNeonGreen protein against proteolytic degra-
dation and allowed for the activation of a split-Venus
fluorescent protein upon colocalization in the encapsulin core.
Furthermore, an encapsulated Aro10p enzyme was catalytically
active in vitro. Independently, Westmeyer and co-workers have
used the same EncMx for the generation of synthetic compart-
ments in HEK293T cells (Figure 11B)."”® Again selective in vivo
encapsulation of heterologous cargo proteins was demon-
strated as well as stabilization of a destabilized mEos4b
fluorescent protein and colocalization of a split-PAmCherry-1. In
addition, the enzymatic activities of a split-luciferase and a
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cellulo. Thus, these encapsulin systems display many of the
properties that are essential for further artificial organelle
development.

4.3. Lumazine synthases: engineering intracellular protein
cages into artificial organelles

Besides encapsulins, there are many other protein-based cage
structures that can be used for artificial organelle development.
Another protein cage that has been exploited extensively, also
invivo, is lumazine synthase (LS; Figure 9C). Naturally, this
enzyme is found in plants and many microorganisms, where it
is involved in the biosynthesis of riboflavin."®® Most interest-
ingly, in some organisms this enzyme does not only function in
the catalytic pathway by providing catalytic activity, but also by
encapsulating the subsequent riboflavin synthase (RS) and
thereby enhancing the overall reaction rate. This cage-like
property of certain LS variants has been used to develop
versatile nanoreactors."®"'®” For example, the LS from Bacillus
subtilis (BsLS) has been loaded with non-native proteins and
enzymes via specific recognition tags."®" These tags were
derived from the C-terminal domain of the native guest RS and
allowed cargo sorting during cargo and capsid protein
coproduction in E. coli. In addition, after purification of the
loaded BsLS capsids, subtle pH and buffer changes could allow
cargo dissociation and subsequent expansion of the BsLS capsid
resulting in cargo release, which is promising for future
responsive in vivo cargo-release systems. Another in vitro cargo
release system was generated by genetic incorporation of a
cysteine in the interior of the Aquifex aeolicus LS (AaLS)."®?
Small molecule cargos could be loaded via disulfide bonding
and later released by reduction of the disulfide bond. Although
such responsive release is very interesting for drug delivery
approaches as the reducing environment of the cytosol would
result in cargo release, it is not very beneficial for in vivo
artificial organelle development as it could hamper encapsula-
tion in cellulo.

The AalLS protein cage has been extensively engineered by
Hilvert and co-workers."™ For example, the size of the capsid
has been expanded greatly from an external diameter of 15 nm
to 39 nm by the introduction of negatively charged residues on
the luminal surface."®'® As the internal volume increased
58 times by this size increase, such enlargement allows for the
incorporation of larger proteins or increased numbers of cargo,
which could enhance the enzymatic load of artificial organelles.
Besides increasing the size of the AaLS nanocage, Hilvert and
co-workers have focused on finding ways to tailor the
morphology of assembled structures.® For this purpose, they
made circularly permuted variants of the native AalLS protein
that could self-assemble into tubular or spherical structures in
E. coli. In addition, the modified AaLS proteins could coassem-
ble together with the wild-type or other modified AalLS
proteins, allowing for a high degree of control over the final
properties of the capsid. This could be great for tailoring capsid
properties to optimize catalytic functions of artificial organelles.
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In addition to these structural improvements, a very efficient
cargo-loading strategy has also been developed, similar to what
has been described for ferritin in Section 3. For this purpose,
the anionic residues on the interior face of the AalLS-13 capsid
were employed as they can facilitate the in vitro encapsulation
of oppositely charged cargo proteins, which for example, led to
up to 100 complementary charged GFP(36+) molecules per
capsid.'® These charge interactions were further used to
encapsulate two fluorescent proteins at once,"®* or to (co-)
encapsulate active enzymes by creating a genetic fusion
between the positively charged GFP(36+) and the specific
enzyme(s)."®"¥ While this charge-based encapsulation ap-
proach led to the encapsulation of approximately 45 enzymes
per capsid, the confined environment of the AaLS cages did not
increase the enzyme activity."®'® The same trend was found
for a dual-enzyme AaLS-based carboxysome mimic (Figure 12),
as co-encapsulation of ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) and carbonic anhydrase (CA) did not
enhance the catalytic efficiency of the pathway."®” Nonetheless,
enzyme function can be improved by encapsulation inside the
AalLS nanocage as a result of protein protection against
degradation. In addition, the charge complementarity could
even be used to create capsid-in-capsid structures where
positively supercharged ferritins were encapsulated inside the
AaLS-13 cavity."™ This could be great for creating new artificial
organelle architectures, possibly similar to mitochondria with a
luminal and intermembrane compartment. Furthermore, the
encapsulation approach based on complementary charges
could be feasible for in vivo capsid loading as a similar strategy
employing deca-arginine (R10) tags instead of the GFP(36+)
tag was already successful in E. coli.""

Most interestingly, this R10 tag system was used in E. coli to
increase the loading of AalLS capsids with the cytoplasmically
toxic HIV protease via directed evolution of the AalLS capsid
protein."? Not only does this work demonstrate that in cellulo
loading with an active enzyme is possible, but also that
engineering approaches can increase the loading capacity
further, possibly for each specific enzyme. Together, the

AalLS-13
protein shell TOP(+36)-carbonic
HCO.? anhydrase (T-CA)

(o]
2% oPO;
ribulose-1,5-bisphosphate . 3
(e 3-phosphoglycerate
(3-PGA)

GFP(+36)-RuBisCO
(G-RuBisCO)

Figure 12. Schematic representation of an AaLS-based carboxysome mimic.
The CA and RuBisCO enzymes are tagged with two different supercharged
fluorescent proteins and encapsulated into the AalLS-13 protein cage
through electrostatic interactions to yield nanoreactors with CO,-fixating
activity as demonstrated by the conversion of hydrogen carbonate and
ribulose-1,5-bisphosphate into two molecules of 3-phosphoglycerate. Figure
reproduced with permission from Ref. [187]. Copyright: 2016, American
Chemical Society.

ChemBioChem 2021, 22, 2051-2078 www.chembiochem.org

2070

modifications that have been made in the AaLS capsid illustrate
how protein cages with a specific function in nature can be
modified to adopt a new function. Such findings are great for
future artificial organelle development both from AaLS capsids
and from other protein cages.

4.4. Virus capsids: Repurposing protein cages into artificial
organelles

Virus capsids, the sturdy protein shells of viruses and bacter-
iophages, comprise another class of protein-based nanocom-
partments that are abundant in nature and are being applied
for nanoreactor engineering."'>">* In large contrast to encapsu-
lins, virus capsids don't already have a function as organelles,
but are instead well-equipped to protect their viral genome and
infect a particular host. Nonetheless, they form robust protein
cages in a predictable manner, making them great for engineer-
ing into artificial organelles (Figure 9D). The focus in this field
has been on controlling the stability and assembly of the
capsids, cargo incorporation mechanisms and more recently
even on the incorporation of these systems inside living cells.

In 2007, the first nanoreactor was created from a virus by
loading cowpea chlorotic mottle virus (CCMV) capsids with
horseradish peroxidase." As this viral capsid can be reversibly
assembled by a pH switch, the cargo enzyme could be
incorporated by mixing it with disassembled coat proteins
in vitro and subsequently lowering the pH to 5.0 to trigger
assembly into 28 nm capsids with T=3 icosahedral symmetry.
Since then, the focus in the CCMV field has been on develop-
ment of more specific and efficient cargo incorporation
strategies,"**"*" as well as on improving capsid assembly and
stability under in vivo conditions."®?* Enzyme loading into
CCMV capsids has been improved by the use of peptide coiled-
coil interactions,"**'*' genetic fusion,"* covalent attachment of
cargo to the capsid interior by a Sortase A enzyme,"* and
single-stranded DNA tags."” In most of these strategies the
N terminus of the CCMV coat protein, which is located on the
capsid interior and normally interacts with the viral RNA, was
modified to enable more specific and efficient cargo loading.
Although none of the described cargo-loading methods have
been employed in vivo yet, the modularity of the used systems
allows for great flexibility once encapsulation is achieved
in vivo.

Besides the invitro capsid loading strategies described
above, important steps have been taken towards the in vivo use
of CCMV nanoreactors by improving capsid assembly and
stability under physiological conditions. For this purpose, a
protein block copolymer consisting of the CCMV coat protein
and an N-terminally fused ELP domain was generated."*® By
making use of the stimulus-responsive behavior of the incorpo-
rated ELP, assembly of 18 nm CCMV capsids with T=1
icosahedral symmetry could be achieved above a certain
temperature or ionic strength at physiological pH, without
affecting the natural pH-induced capsid self-assembly. Further
optimization of the ELP sequence allowed for capsid assembly
at nearly-physiological conditions"® and enhanced stability of
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the resulting capsids.”® Most importantly, one of the ELP-
CCMV variants could be isolated from E. coli in a self-assembled
state, indicating that the ELP domain stabilizes empty CCMV
capsids to such an extent that self-assembly in vivo could be
possible. In addition, although CCMV nanoreactors have not yet
been used as artificial organelles in vivo, promising develop-
ments towards therapeutic use of these capsids®’" indicate that
in vivo use is feasible. Hence, combining the discussed enzyme
loading and cargo-independent capsid stabilization strategies
could lead to CCMV-based artificial organelles in the future.

In addition to the plant virus CCMV, several bacteriophages
have been engineered into artificial organelle (precursors). Since
these are already present and stable inside bacteria, the focus
of engineering of these cages has been mostly on finding
methods to incorporate useful cargo enzymes. For example, the
bacteriophage Qf} was loaded by the attachment of RNA tags
to cargo enzymes.” These RNA tags consisted of the QP
genome packaging hairpin that interacted with the interior of
the QP capsid and an a-Rev aptamer that could bind to a Rev-
tag attached to the cargo enzyme. By co-expression of the Qf
coat protein, the RNA tag and the Rev-tagged enzyme, cargo
loading was achieved in vivo. More importantly, encapsulation
of aspartate dipeptidase E (PepE) enhanced the enzyme’s
thermostability and the PepE enzyme was protected from
proteases. Furthermore, the modularity of this strategy allowed
for the incorporation of a wide variety of cargo enzymes®%4
and consequently their stabilization against a number of
denaturizing conditions® as well as for the combination of
this approach with existing surface tagging methods,”* which
makes it great for the development of artificial organelles with
a range of different functions.

Another bacteriophage that is being used for nanoreactor
engineering is MS2. Enzyme incorporation into this 27 nm
icosahedral protein cage has been achieved via charge
interactions of the RNA-binding motif of the MS2 capsid protein
with a DNA or polyanionic tag attached to the cargo
enzyme.”® |n addition, the potential to regulate the inflow of
substrates and the outflow of products by modification of the
pore structure has been established.”® Although these exam-
ples illustrate the great potential of MS2 engineering for
nanoreactor development, the power of the MS2 capsid for
artificial organelle production was actually demonstrated in a
more recent report in which invivo cargo loading and self-
assembly of this protein cage were discussed (Figure 13).2% In
this work the SpyTag-SpyCatcher system® was employed to
allow for specific cargo protein encapsulation. Genetic fusion of
the SpyCatcher protein to two different cargo enzymes and of
the SpyTag to an unstructured loop of the MS2 coat protein
allowed for the formation of a covalent linkage between the
cargo enzymes and the capsid interior in E. coli and subsequent
loading of the capsids with a two-enzyme catalytic cascade.”*®
This highly selective strategy led to an increase of the stability
of the enzymes invitro and more importantly enhanced the
enzymatic activity of the full cascade with 60% in vivo.

Lastly, the bacteriophage P22 is being extensively studied
for development into nanoreactors. The self-assembly of this
capsid is slightly different than for the other virus-like particles
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Figure 13. Schematic overview of MS2 based artificial organelles. A) In vivo
cargo-loading strategy based on the introduction of a SpyTag into the MS2
interior and attachment of a SpyCatcher moiety to the cargo protein.

B) Epifluorescence (top) and transmission electron (bottom) microscopy
images of E. coli expressing MS2 compartments represented by bright
fluorescent spots (top, mNeongreen) or arrows (bottom). C) MS2 organelles
loaded with tryptophanase TnaA and (NADPH)-dependent flavin-containing
monooxygenase catalyze the formation of indigo from L-tryptophan in vivo.
Figures reproduced with permission from Ref. [208]. Copyright: 2016, Wiley-
VCH.

(VLPs) discussed above, since the assembly of the 420 identical
coat proteins is templated around 100 to 330 copies of a
specific scaffold protein (SP) and results in the formation of a
58 nm procapsid with T=7 icosahedral symmetry.?'**'" |nter-
estingly, only a small portion of the scaffold protein is essential
for templating capsid formation and the genetic fusion of this
short domain to a variety of enzymes has resulted in the
generation of a range of nanoreactors with assorted
functionalities.”’®?' A very interesting nanoreactor among
these was loaded with a three-enzyme cascade, stressing the
power of the P22 capsid for binging enzymes together in a
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confined environment® An alternative approach that has
been applied in order to achieve co-encapsulation employs
genetic fusions of the individual enzymes to scaffold proteins,
which was successful for a two-subunit enzyme®? and co-
incorporation of a ferritin cage together with an enzyme.?'
These examples demonstrate the potential of the P22 capsid for
artificial organelle development as specific cargo encapsulation
can be achieved in E. coli and different strategies have been
developed to bring catalysts or pathways together. Never-
theless, enzyme activity has not yet been studied in vivo.

The focus of P22 research has not only been on cargo
encapsulation, but the dynamics and stability of the assembled
capsids®?'®?'"277218 a5 well as in vitro cargo retention, release and
incorporation®®?*" have been extensively studied as well.
Interestingly, the isolated P22 capsid can undergo several
rearrangements leading to cargo release upon temperature
triggers.?'*?'" Treatment with sodium dodecyl sulfate®'” or
guanidine hydrochloride™® can trigger the release from SP as
well. Via these approaches the packaging density of the P22
capsids can be varied and the catalytic properties of an alcohol
dehydrogenase (AdhD) have been controlled.”?” Although the
demonstrated control over P22 dynamics and interior density
can be quite easily translated into control over catalytic activity
under invitro conditions, the requirement for high temper-
atures and high chemical concentrations does not quite work
for in vivo studies. A recent report on controlled release of cargo
and SP from P22 capsids has focused on factors that are more
feasible in vivo.?*” In this report, it was demonstrated that cargo
release or retention from P22 capsids is dependent on a
combination of electrostatic interactions and compatibility of
cargo size and pore size. Therefore, by tuning the ionic
strength, cargo pl, SP size and P22 pore size conditions could
be found to favor cargo retention or release. Such a strategy
could possibly be translated into an in vivo approach in which
P22 artificial organelles can be assembled inside cells and
subsequently their activity can be tuned.

All together, these results with viral cages demonstrate the
great engineering potential that has been employed to repro-
gram natural protein cages into artificial organelles. Although
every VLP has its own advantages, such as the reversible self-
assembly of CCMV and the great thermostability of Qp, and
challenges, such as the stabilization of CCMV in vivo and the
enhancement of dynamics of P22, some engineering ap-
proaches can be applied for multiple VLPs. For example, the
in vivo cargo loading approach established for MS2*°® could be
adopted to other VLPs as well. Moreover, the ELP stabilization
method used for CCMV"%? could be employed to make the
self-assembly of other VLPs more tunable. One challenge that
remains for VLP-based artificial organelles in general is the lack
of knowledge on the advantage of enzyme encapsulation inside
these protein cages in vivo compared to free enzymes. There-
fore, future research should focus on establishing in vivo
catalytic activity of the new artificial organelles. Thus, by
combining the already established engineering strategies with
new approaches to overcome common challenges, artificial
organelle development from viral capsids can forward greatly in
the future.
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4.5. Designed protein cages: building protein-based artificial
organelles completely from the bottom up

In addition to engineering already existing organelles or protein
cages into artificial organelles, one can also consider designing
and constructing completely new organelles (Figure 9E). De-
spite the fact that this approach requires a considerable
understanding of the factors involved in protein self-assembly
into complex structures®? as well as tremendous computing
power, recent advances in computer-aided de novo protein
design®®? have paved the road for the development of protein
cages from scratch.?*?® Although most of the progress in this
research field has been focused on assembly and stability of the
protein cage itself, promising developments have led to the
introduction of catalytic activity or to the production of
designed protein cages in vivo.

Initially, Yeates and co-workers established that symmetry
and geometry are two essential parameters in the design of
self-assembling protein cages.””? They established the for-
mation of a tetrahedral protein cage by creating a genetic
fusion of two multimeric proteins that were connected by an a-
helical domain. In this system the multimeric proteins deter-
mine the symmetry, while the rigidity of the a-helix provides
the geometrical control necessary to favor a tetrahedral cage
structure. Further improvements of this system focusing on
computer-aided design by the Yeates and Baker labs have led
to the design and formation of various additional protein
cages?42823031 and more recently to the formation of two
megadalton scale protein cages with two®” or three®?
symmetry elements. This is a great achievement as these cages
are of similar size as the viral cages described above and it
stresses the importance of combining computer power and an
extensive understanding of the biochemistry involved. In a
slightly different approach March and co-workers have used
(combinations of multimeric proteins and) multimeric a-helical
coiled-coil peptides to design and build novel protein
cages.®* 7 Such an approach can be beneficial as coiled-coil
engineering can be used to create more different symmetry
axes and it is not limited to oligomerization domains that
nature provides us with. In general, these developments in the
designed protein cages field hold great promise for artificial
organelle development as it might in the future become
possible to tailor-make protein cages for specific catalytic
purposes. Furthermore, protein cages can be optimized to have
beneficial self-assembly dynamics inside a specific cell type.
Although there are still some challenges such as solubility
issues to overcome,”® and most of the above mentioned
reports are mainly focused on the design of protein cages, there
have already been a few promising results regarding function-
alization of these designed cages.?*#?263523823% Eor example, the
model protein GFP has been incorporated into a designed
icosahedron by genetic fusion to the cage monomers.?*!
Interestingly, the size of the entrance and exit channels of this
designed cage could be controlled by the addition of a
designed protein pentamer, which could be used in the future
to modulate influx and efflux of substrates and products,
respectively. Another designed cage contained esterase activity
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Figure 14. Schematic representation of a self-assembling de novo designed octahedral protein cage. Self-assembly is based on a trimeric esterase and
tetrameric coiled-coil peptides that are genetically fused via flexible spacers. Esterase activity is maintained in vitro upon self-assembly, as demonstrated by
hydrolysis of p-nitrophenyl acetate. Figure reproduced with permission from Ref. [235]. Copyright: 2016, National Academy of Sciences.

as a trimeric esterase was employed as one of the symmetry-
inducing components (Figure 14).? Although the specific
activity was slightly reduced compared to the free esterase, the
fact that activity was maintained indicates that the esterase
tertiary structure is not altered during assembly into the cage
structure. In another striking example, designed protein cages
have been used as a scaffold to bring two cellulase enzymes
together, enhancing the overall speed of cellulose
degradation.”®® This work could be easily extended to bring
other combinations of enzymes together and enhance the
overall activity of their catalytic pathway.

Most interestingly, designed protein cages have already
been used in vivo. These so-called protein-origami cages (Fig-
ure 15A) have been produced by using one single protein chain
containing coiled-coil staple regions®?*” in a similar fashion as
for DNA origami.*" Although this self-assembly approach is
somewhat different from most protein cage systems, for
example, in that it is not the product of self-assembly of
identical building blocks, it is very promising for further
development because of lesser importance of symmetry and
thus more freedom in the design. Moreover, a split fluorescent
protein as well as an activatable split-luciferase could be
incorporated in the coiled-coil protein origami (CCPO) cages,
demonstrating the feasibility of protein encapsulation and
functional assembly within these structures.”® Another impor-
tant feature that makes these CCPOs great candidates for
artificial organelle development is the fact that they can self-
assemble in both bacterial and mammalian cells as well as in
living mice (Figure 15B,C), while maintaining luciferase activity
and without introducing any toxicity.

Therefore, although this is still an emerging field, designed
protein cages can be very instrumental in artificial organelle
development. Especially the plethora of design features that
can be included is very promising. For example, protein cages
can be designed in a scalable? or adaptable®® manner by
incorporating split inteins or disulfide interactions, respectively.
Alternatively, capsid assembly can be controlled allosterically'®*”
or via chemical, thermal and redox control over metal
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coordination.**’ By using and exploring all of these features,
our understanding of these strategies grows and the road
towards designed artificial organelles is paved. In addition, this
knowledge can be potentially used to engineer existing protein
cages in order to achieve optimal properties for a specific
artificial organelle. The extent of expertise that has been
developed on the design of self-assembling proteins can be
instrumental for gaining control over the specific properties of
protein cages in such a way that researchers are no longer
limited to the features that nature provides us with. Together
with, for example, developments in de novo design of
enzymes,?****7 designer protein cages could allow for the
development of completely new organelles perfectly optimized
for their specific function.

5. Summary and Outlook

Artificial organelle research has taken a great flight in recent
years. In this truly multidisciplinary field, in which catalysis,
chemical biology, nanoscience and synthetic biology are
combined, designer compartments have been developed that
are integrated with cells to add novel functionality. Although
progress is highly promising, there are still many challenges
ahead before its full potential is reached.

Considerable progress has been made in the development
of catalytic systems based on transition metals that show
activity in the interior of living cells. The advantage of organo-
metallic catalysts over enzymes is that the vast array of
reactions that occur in cells can be expanded with abiotic
reactions. Though, most examples rely on deprotection reac-
tions, whereas C—C bond formations are under-represented.
These abiotic reactions offer a strategy for targeted prodrug
activation. That is, if the fate of the catalyst can be controlled.
Another challenge lies in the biocompatibility of the catalytic
systems. Most complexes are fairly toxic to cells, and their
lifetimes are short due to the reactive cellular environment.
Compartmentalization in synthetic polymeric assemblies can be
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Figure 15. A self-assembling de novo designed tetrahedral protein cage in vivo. A) The protein-origami cage (TET12SN) design is based on a single protein
strand containing coiled-coil regions. B) The two halves of a split-luciferase are attached to both ends of the protein-origami strands, allowing reconstitution
of bioluminescence upon formation of the protein cage (TET125®*"®P°e") A5 a negative control, the sequence of the protein origami strand is scrambled
(Tet12SScriteperten to prevent protein cage formation and reconstitution of bioluminescence. Hydrodynamic delivery of plasmids allows for expression of the
artificial organelle in the liver, which can be monitored by the luciferase activity. C) In vivo imaging based on split-luciferase reconstitution demonstrating
bioluminescent activity in the liver only when the plasmid for the correctly folding TET12S cage was delivered. Figure reproduced with permission from

Ref. [239]. Copyright: 2017, Springer Nature.

a means to address some of the challenges. Encapsulation of
catalysts in nano-assemblies could provide protection to reach
longer lifetimes and meanwhile limit toxicity by minimizing
undesired effects such as interactions with DNA or enzymes. It
could also boost catalytic activity, as high local concentrations
of catalyst can be reached within a confined space. Additionally,
the assemblies can be functionalized to enhance cellular uptake
and specifically target certain tissues, without altering the
properties of the catalyst. As of now, compartmentalization
strategies are rare for organometallic catalysts, especially when
compared to enzyme nanoreactors. There is still much to gain
from a better compartment design to allow a more effective
integration in living cells. It would be even more versatile when
chemo-enzymatic catalytic cascades could be stably integrated,
as this would further extend our synthetic capacity in cellulo.
With this toolbox, it would be possible to add designer
pathways to cells with actual function beyond the conceptual
approaches that have been now mostly described.

Until now, artificial organelles display merely a static
function; their activity in cellulo cannot be regulated. This is in
sharp contrast to regular cellular processes which respond to
many feedback mechanisms. The development of transient
nanoreactors, of which the activity can be switched on or off,
would therefore be an important step forward toward more
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life-like behavior. This could for example be achieved by
creating polymer nanoreactors with a stimulus-responsive shell,
or with in vivo expressed protein cages of which the protein
units contain activatable degradation tags.

Besides transient regulation, also spatial control is of
interest. There is only limited control over where the artificial
organelles end up in the cell. For their optimal activity it would
be useful to bring them into close proximity of certain natural
organelles such as the mitochondria. Although some rudimen-
tary methods have been employed for synthetic organelles, for
in cellulo expressed systems this remains an unexplored
approach.

Finally, the ideal artificial organelle will be copied along
during cell division and will add orthogonal catalytic activity to
living cells. The former aspect can be only achieved using in
cellulo production, whereas the latter is the realm of the
premade artificial organelles. Although a combination of these
features therefore seems to be a distant future, with the
advance of protein designer cages and our ability to develop
protein-based ligands for organometallic complexes, a more
intimate integration of the two artificial organelle classes should
be conceptually feasible.
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