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Abstract: Compartmentalization of chemical reactions inside
cells are a fundamental requirement for life. Encapsulins are
self-assembling protein-based nanocompartments from the
prokaryotic repertoire that present a highly attractive platform
for intracellular compartmentalization of chemical reactions
by design. Using single-molecule Fçrster resonance energy
transfer and 3D-MINFLUX analysis, we analyze fluorescently
labeled encapsulins on a single-molecule basis. Furthermore,
by equipping these capsules with a synthetic ruthenium catalyst
via covalent attachment to a non-native host protein, we are
able to perform in vitro catalysis and go on to show that
engineered encapsulins can be used as hosts for transition
metal catalysis inside living cells in confined space.

Introduction

A fundamental concept in biology is compartmentaliza-
tion. This feature of life is not limited to structure but extends
to enzyme catalysis, for example to achieve high local
concentrations of reaction partners within organelles. Com-
partmentalized assembly lines limit loss of substrate and/or

diffusion of toxic reaction intermediates into the surroundings
and enable the generation of dedicated biological „reaction
vessels“. Moreover, benefits such as resistance to thermal or
proteolytic degradation of substrates or products can be
achieved.[1, 2] In this context, bacterial micro- and nanocom-
partments and other protein cages, such as vaults, viral capsids
or virus-like particles have gained significant attention as
unique self-assembly platforms for the design and construc-
tion of (catalytically) functional nanomaterials[3–5] or cargo
delivery vehicles.[6] Endowing these compartments with the
ability to catalyze chemical transformations, provides the
opportunity for creating new dynamic confined spaces with
tunable reactivity. One highly attractive platform for enzyme
compartmentalization are encapsulins (Enc), which are self-
assembling bacterial nanocompartments. Encs are virus-like
particles that have been identified as conserved prokaryotic
compartments.[2,7] Encs sort into icosahedral compartments
with triangulation numbers of T= 1 (60 subunits, Ø& 240 c),
T= 3 (180 subunits, Ø& 320 c), and T= 4 (240 subunits, Ø
& 420 c) respectively, where at each point of symmetry
uncharged, positively charged, or negatively charged pores
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are formed (Ø& 5–8 c).[8] The capsids are temperature and
pH-stable.[4] Typically, the gene encoding for Enc is located in
a two-gene operon with either ferritin (Flps) or hemerythrins-
like proteins, or dye-decolorizing peroxidases (DyPs).[2,9]

Selective packaging of co-expressed proteins is promoted by
a conserved amino-acid sequence (encapsulin localization
sequence, ELS) at their C-terminus.[10–12] Importantly, non-
native cargo proteins can be directed inside Enc via simple
tagging with ELS, enabling self-assembly of the new func-
tional compartment.[12–14] The tremendous possibilities of such
functional systems inspired several groups to investigate
enzyme catalysis in encapsulin nanocompartments.[13, 15–17]

However, transition metal catalysis not found in biology
and therefore chemically orthogonal has yet to be explored in
Encs. In this study, we describe the first targeted incorpo-
ration of an organometallic catalyst to the interior of Enc
from Mycobacterium smegmatis (M. smegmatis) enabled by
a HaloTag-ELS construct. The approach is versatile, as the
HaloTag-ELS strategy enables the introduction of many
different metal/ligand systems new to biology, provided they
operate in water. We explore, as a proof of concept reaction,
the ruthenium catalyzed deallylation of a profluorophore
inside the Enc nanoreactor.

Results and Discussion

Encapsulin from M. smegmatis (in the following
StrepEncSM) was expressed and purified from Escherichia coli
(E. coli ; Supporting Information, Figure S1). Native-PAGE
analysis of the purified construct StrepEncSM revealed a large
protein assembly that did not enter the gel (Figure 1A).
However, under denaturing conditions, a single protein band
corresponding to 30 kDa, the expected size of one StrepEncSM

monomer, was observed. Analysis of purified StrepEncSM by
transmission electron microscopy (TEM) and dynamic light
scattering (DLS) revealed the assembly of StrepEncSM into

nanocompartments of an average size of 20: 3 nm, with an
inner diameter of 14: 1 nm (n = 106, Figure 1B), and with
a mean hydrodynamic diameter of 28.5: 0.3 nm (Fig-
ure S1C). Additionally, the polydispersity index (PDI) with
0.13: 0.01 showed a near monodisperse sample.[18]

The shell diameter is in good agreement with the
previously described 60-subunit Enc nanocompartment from
M. smegmatis (purified from the wild-type organism)[19] and
from Mycobacterium tuberculosis (82 % sequence identity to
EncSM),[17] suggesting that StrepEncSM also forms a 60-subunit
assembly.

In order to determine the minimally required ELS for
successful incorporation of cargo proteins into StrepEncSM, we
engineered several constructs of eGFP (enhanced green
fluorescent protein) carrying varying sizes of the putative
ELS from M. smegmatis (Figures S1 and S2) for co-expression
and subsequent purification of the assembly via Streptavidin-
tag (Figure 2). Co-elution of eGFP with the capsid was
confirmed by native PAGE analysis (Figure 2A. Presence of
eGFP was quantified by in-gel fluorescence detection,
indicating that a minimal length of 12 amino acids of the
localization sequence is required for successful incorporation
of eGFP into StrepEncSM (Figure 2B. Calculation of loading
efficiency of StrepEncSM{eGFP}, based on in-gel fluorescence
analysis and plotting of a standard curve (eGFP only)
provided an estimate of 5.7: 0.2 cargo proteins per capsid
(Figure S2A). Stoichiometry and cargo load of encapsulins
has been identified for example, by mass spectrometry or
fluorescence-based means[11] and contributed loading capaci-
ties of 1:4–1:12 (Enc:cargo protein), while being potentially
constrained by the shape and oligomeric state of the
respective cargo enzyme. Subsequent analysis of the
StrepEncSM{eGFP} construct by TEM revealed successful
assembly into a nanocompartment, displaying a similar outer

Figure 1. Purification and characterization of encapsulin from M.
smegmatis. A) Native and denaturing PAGE analysis of purified
StrepEncSM. The expected mass of a 60-mer assembly is 1.8 MDa.
B) TEM image (negative staining) of empty StrepEncSM. Number of
capsids assessed for diameter calculation (n) = 106.

Figure 2. Characterization of StrepEncSM loaded with eGFP. Four cargo
protein constructs, tagged with one short peptide of the putative ELS
(6 aa, 9 aa, 12 aa and 19aa long; ctrl. 0 aa and no eGFP). A) Native
PAGE analysis of the co-purified constructs and analysis by Coomassie
staining and in-gel fluorescence. B) Quantitative assessment of the
fluorescence intensities detected by in-gel fluorescence using ImageJ.
The analysis was done in triplicate. Error bars represent : SEM.
Key: amino acid (aa), encapsulin localization sequence (ELS).
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diameter as the corresponding empty construct of 20: 2 nm
(n = 117, Figure S2B). Negative staining allowed for the
visualization of the outer shell, while indicating that the Enc
core was now filled with cargo. Analysis of StrepEncSM{eGFP}
by DLS identified a mean hydrodynamic diameter of 28.8:
0.1 nm (PDI = 0.13: 0.01, Figure S2C).

Engineered protein tags, such as HaloTag,[20] are powerful
tools to selectively and covalently label co-transcribed
proteins with for example, a fluorophore or a catalyst of
interest or any small molecule that is tethered to a chloro-
alkane (CA) moiety (Figure S3). In order to install an
organometallic catalyst inside StrepEncSM, we engineered
a HaloTag construct carrying an ELS. Firstly, we validated
successful uptake of HaloTag into StrepEncSM by co-purifica-
tion and native/denaturing PAGE analysis and subsequently
we characterized the construct by TEM and DLS analysis
(Figure S4B,D). Particles StrepEncSM{HaloTag} displayed an
outer diameter of 21: 2 nm (n = 100) in our TEM experi-
ments (Figure S4B). Again, negative staining indicated a filled
cavity. Furthermore, analysis by DLS identified a mean
hydrodynamic diameter of 28.7: 0.1 nm (PDI = 0.11: 0.02,
Figure S4D). Labeling of the protein tag with a commercially
available fluorescent HaloTag substrate (CA-AlexaFluor
660

U

, AF660) and in-gel fluorescence analysis of
StrepEncSM{HaloTag-AF660} gave an estimate of 6.6: 0.4
labeled cargo proteins per capsid by comparing to a standard
curve of HaloTag-AF660 only (Figure S4A,C). We further
established a labeling efficiency within the capsule of 60% at
which all accessible binding sites were blocked (Fig-
ure S4E,F). The assembly and fluorescent labeling of
StrepEncSM{HaloTag} now provided the unique opportunity to
profoundly study the engineered system on the single-
molecule level using two independent techniques 1) a sin-
gle-molecule Fçrster resonance energy transfer (smFRET)-
based method[21] (Figure 3) shows that there are often more
than two fluorescently labeled HaloTag proteins inside single
StrepEncSM constructs; and 2) MINFLUX imaging[22] combined
with a step-wise off-switching (Figure 4) even allowed count-
ing them. To investigate StrepEncSM{HaloTag} using smFRET,

we co-labeled StrepEncSM{HaloTag} with two commercially
available HaloTag ligands (CA-JaneliaFluor 549

U

, JF549, and
CA-JaneliaFluor 646

U

, JF646) in a 1:1 ratio. The measure-
ments were performed on a confocal microscope with pulsed
interleaved excitation (PIE).[23] We used fluorescence corre-
lation spectroscopy (FCS) to confirm that we have freely
diffusing vesicles in solution (Figure S5A). Furthermore, we
applied PIE-FRET[21,23] and different burst search parameters
to unveil at least three fluorophore binding sites per vesicle.
Figure 3A shows the result of an all photon burst search
(APBS, see the Supporting Information for details). There
a FRET population can be clearly seen at a FRET efficiency
of around 0.85 and stoichiometry of around 0.5. In addition,
a significant amount of data is found at higher stoichiometries,
indicating at least a third dye in many vesicles[24] (for details
see the experimental details in the Supporting Information,
Figure S5). The presence of at least three binding sites was
confirmed by applying a dual color burst search (DCBS) with
the same data to select for the FRET-species (for details, see
the Supporting Information). Figure 3 B shows at least two
FRET populations, which, are very unlikely to be caused by
just two fluorophore positions (see SI for details). Unfortu-
nately, we cannot extract the exact number of dyes in an
encapsulin shell from the FRET efficiency vs. stoichiometry
plots, likely because they are strongly affected by quenching,
bleaching and homotransfer. Therefore, we used another
method to count the number of dyes.

We employed a nanometer-precise 3D single-molecule
nanoscopy method termed MINFLUX[22,25] to investigate our
StrepEncSM{HaloTag} construct. StrepEncSM{HaloTag} was la-
beled with a HaloTag ligand (CA-AlexaFluor 647, AF647,
synthesized in house) and imaged the samples in a redox
buffer system (for details see the Supporting Information,
Figure S6A). In a first step, we transferred all fluorescent
molecules to an off-state by illumination with low-power
excitation light. This allowed us to count Alexa Fluor 647
molecules present in individual nanocompartments from
the off-switching steps (Figure 4A), delivering an overall
estimate of seven molecules per StrepEncSM{HaloTag-AF647}

Figure 3. Quantification of HaloTag labels inside StrepEncSM by single-molecule fluorescence. A) smFRET measurements of
StrepEncSM{HaloTag*JF549*JF646}. All photon burst search (APBS), time window 500 ms, threshold 50 photons, FRET-2CDE filter: 0–10, DA rate:
15–20 kHz, DD rate: 2–20 kHz, burst duration 3–20 ms. B) Dual color burst search (DCBS), time window 500 ms, DD rate: 2–200 kHz, AA rate
5–50 kHz, DA rate: 20–150 kHz, FRET-2CDE filter: 5–15, burst duration 2–7 ms, 2 Gaussian fits.
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(Figure 4B). Subsequently, we localized individually photo-
activated molecules using an iterative MINFLUX approach
(Figure 4C).[22] By analyzing the standard deviation of all
localizations that was slightly larger than our localization
precision of about 2 nm, and comparing the result to
simulations, we validated the presence of the molecules
within the shell (shell inner diameter 14 nm, Supporting
Information, Figure S6).

Following single-molecule analysis of StrepEncSM{HaloTag},
we turned to the conversion of the construct as a nanoreactor.
Importantly, the same protein assembly could be used, and
only the CA as a substrate of HaloTag had to be attached to
a different small molecule. As proof of concept of this
enabling strategy, we chose to target a CA-derivative of the
water-compatible and well-studied ruthenium catalyst
[CpRu(HQ)(allyl)]PF6 (Cp = h5-cyclopentadienyl, HQ = 8-
hydroxyquinolinate-motif)[26] towards the interior of EncSM.
Biocompatible metal-promoted catalysis is facing significant
complications as compared to classical transition metal
catalysis in organic solvent, yet a growing body of research
is available using Au, Pd, Ru or Cu species. Ru complexes
present a good balance between reactivity and stability, when
employed in biologically relevant media.[27, 28] [CpRu(HQ)-
(allyl)]PF6 was firstly described by Meggers et al.[26] and is
well suited for applications in aqueous systems, which is a pre-
requisite for our studies in self-assembled protein nano-
containers. [CpRu(HQ)(allyl)]PF6 is, amongst other trans-
formations, catalyzing the de-N-allylation of coumarin pro-
fluorophores (e.g. 1) to the corresponding coumarin dyes (2,
Figure 5; Supporting Information, Scheme SS1), a transfor-
mation that can be easily followed in vitro and in cellulo by
fluorescence spectroscopy.[26,29] For covalent labeling of
HaloTag, [CpRu(HQ)(allyl)]PF6 was modified with a
CA-spacer (4),[30] yielding CA-PEG3-Ru (5, Figure 5; Sch-
eme SS2).

Initially, we monitored the activity of non-encapsulated 5
in the deallylation reaction of 1 by fluorescence detection and
LC-MS analysis in three different buffer systems (Figures S7

and S8), applying biologically relevant conditions as de-
scribed by Meggers et al.[26] CA-PEG3-Ru (5) catalysis
provided product yields after 4 hours of 46% and 49 %,
respectively (0.1 equiv. cat., H2O/DMSO or potassium phos-
phate (KPi)) and diminished yields of 30 % in HEPES buffer
containing 0.05% Tween 20, our StrepEncSM storing buffer.
Corresponding turnover numbers (TON = mol product per
mol catalyst) are 4 (0.1 equiv cat., H2O/DMSO), 5 (0.1 equiv
cat., KPi) and 3 (0.1 equiv cat. , HEPES + 0.05% Tween 20).
The yields and TONs observed are low, yet in the range of
previously reported values for Ru catalysts[5,26, 28, 29,31] applied
in water-based solvents under aerobic conditions. Addition-
ally, the catalytic activity was also demonstrated by a linear
correlation of the turnover frequency of 5 (Figure S9).

Figure 4. MINFLUX measurements of StrepEncSM{HaloTag-AF647}. A) Off-switching count trace with visible off-switching steps for a single
StrepEncSM{HaloTag-AF647} construct. B) Estimated number of fluorophores per StrepEncSM{HaloTag-AF647} construct for all measurements
(histogram, n =125) and median of the distribution (dashed line). C) 3D MINFLUX localizations of the single StrepEncSM{HaloTag-AF647}
construct. Each scatter dot represents an individual localization estimate for the position of a fluorescent AF647 molecule. The color-coding
describes when the localization was registered after starting the acquisition. Individual fluorescent molecules can deliver tens of localizations. We
centered the localization with the origin by subtracting the mean position from all localizations. A sphere of 14 nm diameter (gray) encloses 94%
of localizations.

Figure 5. Uncaging reaction of 1 (125 mM, 1 equiv) to 2. Anaerobic
labeling and washing steps with standard aerobic reaction conditions.
Yields were determined by fluorescence intensity in three independent
experiments (lex = 339 nm, lem =439 nm). Error bars represent :
SEM. Key: StrepEncSM{HaloTag-PEG3-Ru} (black square), HaloTag-PEG3-
Ru (blue triangle), StrepEncSM{GFP} (green triangle), CA-PEG3-Ru (5)
(turquoise diamond).
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Subsequently, we performed the reaction under anaerobic
conditions and observed product yields after 4 hours of 88%
(0.1 equiv cat., HEPES + 0.05% Tween 20) indicating that
the presence of oxygen leads to catalyst inactivation (Fig-
ure S7A).

Subsequently, we labeled StrepEncSM{HaloTag} and Halo-
Tag only, with CA-PEG3-Ru (5) in HEPES buffer (+ 0.05%
Tween 20, pH 7.4). Removal of the unreacted catalyst was
achieved by extensive dialysis and subsequent washing of the
constructs using AmiconU centrifugal filter devices. Integrity
of the Enc constructs following labeling, purification and
incubation (37 88C) was verified by native PAGE analysis
(Figure S10). A slight degradation of HaloTag-PEG3-Ru was
observed, while the Enc construct remained intact. ICP-MS
analysis of the constructs revealed a ruthenium content of
6.1: 1.2 and 1.6: 0.6 ruthenium molecules for
StrepEncSM{HaloTag-PEG3-Ru} and HaloTag-PEG3-Ru, re-
spectively. Due to the time consuming protocol, labeling
and removal of unreacted catalyst was performed under
anaerobic conditions, to limit oxygen driven degradation of 5.
Next, we incubated each construct and CA-PEG3-Ru (5) only
with profluorophore 1 and followed its deallylation reaction
to 2 by measurements of fluorescence increase (Figure 5).
Importantly, the CA-PEG3-Ru (5) catalyst and
StrepEncSM{HaloTag-PEG3-Ru} deallylated 1 with yields of
41% and 36%, respectively, providing clear evidence for
efficient transition-metal-mediated catalysis within the en-
capsulin structure.

In further control experiments, StrepEncSM{eGFP} and
HaloTag-PEG3-Ru yielded 9% and 25 % conversion, after
24 hours. The low yet observable catalytic activity of
StrepEncSM{eGFP} is likely originating from impurities as
a result of incomplete removal of the CA-PEG3-Ru (5)
construct during the dialysis/washing steps, and non-treated
StrepEncSM{eGFP} is displaying no catalytic activity (Fig-
ure S11). Interestingly, significant loss of activity of the
HaloTag-PEG3-Ru catalyst outside the nanocontainer was
observed under anaerobic conditions, pointing towards bene-
ficial effects of catalyst encapsulation, as the HaloTag
attached catalyst regains its activity inside of StrepEncSM.
Repeating the experiment under aerobic labeling and wash-
ing conditions validated our initial hypothesis of catalyst
inactivation in the presence of oxygen (Figure S11). All
constructs under investigation displayed + 10-fold lower
product yields, except StrepEncSM{HaloTag-PEG3-Ru}, with
a 2-fold lower product yield, pointing towards a certain
catalyst protection within the encapsulin environment. Pro-
tection of the construct from oxygen during labeling/washing
steps and catalysis reaction, restored catalyst activity, and
product yields of > 75% were observed for
StrepEncSM{HaloTag-PEG3-Ru} and HaloTag-PEG3-Ru.

Furthermore, we have determined corresponding kcat and
Km

[32] values and found: Km = 21.7: 3.5 mM, 34.5: 1.5 mM
and 39.8: 1.5 mM for CA-PEG3-Ru (5), HaloTag-PEG3-Ru
and StrepEncSM{HaloTag-PEG3-Ru}, as well as kcat X 102

[min@1] = 8.6, 4.6 and 6.2, respectively (Figure S11). Interest-
ingly, we find an increased Km value for encapsulin, suggesting
that diffusion of the substrate across the shell is hindered,
while kcat values are slightly higher for encapsulin, as

compared to HaloTag bound catalyst, indicating that once
the substrate entered the shell, the reaction might be faster for
example, due to limited space and packed environment.

Modified Encs provide significant opportunities for intra-
cellular applications, such as pro-drug activation or synthetic
biology approaches, and we have validated cellular uptake of
StrepEncSM applying StrepEnc{eGFP} on mouse monocytes
(J774A.1), a cell line that has been shown to internalize Enc
particles (Figure S2D).[15] In order to investigate the applic-
ability of StrepEncSM{HaloTag-PEG3-Ru} in cellulo, we incu-
bated a monolayer of cells with the construct for 24 hours and,
after washing the cells, subsequently applied profluorophore
1 to the cell supernatant (Figure 6). Fluorescence microscopy
of live cells revealed that there is a considerable intracellular
build-up of blue fluorescence after 24 hours mainly located in
round vesicles. Control experiments of cells treated with 1 or
CA-PEG3-Ru (5) + 1 only, confirmed that such increase is
a consequence of intracellular product formation. These
results provide evidence that engineered Encs can be used to
perform transition-metal-mediated catalysis in living cells.

In summary, we demonstrate that StrepEncSM nanocapsules
can be engineered as hosts for transition metal catalysts inside
cells using HaloTag in combination with a localization
sequence.

Conclusion

We engineer and purify encapsulins equipped with the
protein HaloTag as a modular platform for functional nano-
compartments. By applying two independent single-molecule

Figure 6. Fluorescence microscopy and bright-field images of J774A.1
monocytes treated with StrepEncSM{HaloTag-PEG3-Ru} + 1, CA-PEG3-Ru
(5) + 1 and 1 only (negative controls). Cells were seeded and treated
with 1 mM StrepEncSM{HaloTag-PEG3-Ru} in DMEM overnight. Subse-
quently, 1 (20 mM) was applied to the cell supernatant. Following
incubation and washing, images were acquired with a digital inverted
microscope. Fluorescence microscopy images of monocytes treated
with encapsulin show fluorescence from uncaging product 2 that is
localized within distinct vesicles. Fluorescence microscopy images
show no blue fluorescence in cells treated with 1 only. Key: Dulbecco’s
Modified Eagle Medium (DMEM).
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techniques, smFRET and MINFLUX, we are able to delin-
eate the number of labeled cargo proteins bound inside
encapsulin. We then install a transition metal catalyst inside
the capsule. Subsequently, we show that catalysis inside this
capsule is possible and that encapsulation affects reaction
yields. The deallylation of a profluorophore is taking place
with lower yields with the HaloTag-PEG3-Ru construct
outside of the capsule as compared to within encapsulin. We
go on to demonstrate that the same reaction is also efficiently
catalyzed inside a living cell line that takes up the engineered
Enc and produces localized fluorescent vesicles. These results
open up a plethora of potential applications for bioorthogonal
catalysis inside confined space. Importantly, the HaloTag
approach can be used to install a large variety of different
catalysts and we envision the controlled placement of two
different metal centers in one capsule to perform dual
catalysis. We conclude that encapsulins are a highly modular
platform, ideally suited to perform reactions that are new to
biology under biologically relevant conditions.
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