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Encapsulins containing dye-decolorizing peroxidase (DyP)-type per-
oxidases are ubiquitous among prokaryotes, protecting cells against
oxidative stress. However, little is known about how they interact
and function. Here, we have isolated a native cargo-packaging
encapsulin fromMycobacterium smegmatis and determined its com-
plete high-resolution structure by cryogenic electron microscopy
(cryo-EM). This encapsulin comprises an icosahedral shell and a
dodecameric DyP cargo. The dodecameric DyP consists of two hex-
amers with a twofold axis of symmetry and stretches across the
interior of the encapsulin. Our results reveal that the encapsulin
shell plays a role in stabilizing the dodecameric DyP. Furthermore,
we have proposed a potential mechanism for removing the hydro-
gen peroxide based on the structural features. Our study also sug-
gests that the DyP is the primary cargo protein of mycobacterial
encapsulins and is a potential target for antituberculosis drug
discovery.

encapsulin nanocompartment | dye-decolorizing peroxidase | cryo-electron
microscopy | Mycobacterium smegmatis

Compartmentalization is used by cells to overcome many dif-
ficult metabolic and physiological challenges (1). Eukaryotes

employ membrane-bound organelles such as the mitochondrion
(2); however, most prokaryotes rely on alternative proteinaceous
compartments to achieve spatial control (3), one of which is the
encapsulin nanocompartment.
Encapsulins are newly identified nanocompartments but have

already been applied in various scientific fields due to the unique
structures (4, 5). It has been reported that more than 900 pu-
tative encapsulin systems in bacteria and archaea exist and are
distributed across 15 bacterial and two archaeal phyla (6, 7),
suggesting they are functionally diverse. Encapsulins are made of
one type of shell protein, as opposed to several as is observed in
many bacterial microcompartments (8, 9). The key feature of
encapsulin systems is that cargo proteins can be specifically en-
capsulated and targeted to the encapsulin capsid interior, using a
selective C-terminal sequence referred to as targeting peptides
(TPs) (10). The functions of the nanocompartment are associ-
ated with the functions of its protein cargo. Many functionally
diverse cargo proteins are associated with encapsulins, including
dye-decolorizing peroxidases (DyPs) (11), ferritin-like proteins
(FLP) (12), hydroxylamine oxidoreductase (HAO) (13), and cys-
teine desulfurases (14). Moreover, it has been shown that some
encapsulin systems may possess multiple cargo proteins, which are
made up of one core cargo protein and up to three secondary cargo
proteins according to the TPs (6). Notably, a large proportion of
native cargo proteins are DyP-type peroxidases, conferring the
resistance of the cell to oxidative stress (6, 7, 11, 15–18). However,
to date, the structural information on the cargo-encapsulated
encapsulins is not yet available (SI Appendix, Table S1), and
thus, little is known about the structural arrangement and mech-
anistic features of the cargo proteins loaded in the encapsulins.

Actinobacteria harbors the largest number of encapsulin or
encapsulin-like systems (6). DyP-containing encapsulins have
already been reported from mycobacteria, including Mycobacte-
rium smegmatis (15) and Mycobacterium tuberculosis (19). These
have been considered as potential biomarkers to detect active
tuberculosis (TB) (20). In the present study, we have isolated and
characterized a DyP-loaded encapsulin system from M. smeg-
matis, which is commonly used as a model organism in studying
the biology of the M. tuberculosis (21). We have determined its
complete high-resolution structure by cryogenic electron mi-
croscopy (cryo-EM). Our results have revealed the interactions
between the CFP-29 (a 29 kDa culture filtrate protein) shell and
DyP cargo and a potential antioxidation mechanism. Our study
also lays the foundation for the discovery of new diagnosis pro-
tocols and treatments of TB.

Results and Discussion
Isolation and Characterization of M. smegmatis DyP-Loaded Encapsulin
System. The native encapsulin protein was successfully purified by
nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography and
gel filtration (Fig. 1A). SDS-PAGE (sodium dodecyl sulfate–
polyacrylamide gel electrophoresis) combined with the mass
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spectrometry (MS) analysis showed that CFP-29 and DyP proteins
are constituents (Fig. 1B and SI Appendix, Table S2). In terms of
the peroxidase activity, DyP, both encapsulated and unencapsu-
lated, showed equivalent levels of free radical scavenging capacity
with kcat values of 119.54 ± 3.15 s−1 and 92.90 ± 1.61 s−1, re-
spectively, suggesting that the encapsulin shell provides structural
protection for DyP without affecting its free radical scavenging
capacity (Fig. 1C).

Spherical Shell Forms Largely Positively Charged Fivefold Pores. We
have determined a 2.5 Å cryo-EM structure of the M. smegmatis
encapsulin nanocompartment (Fig. 2 and SI Appendix, Figs. S1
and S2 and Table S3). As the shell-forming proteins of the
encapsulin, 60 CFP-29 monomers assemble into a spherical ar-
chitecture. It is a superstructure with a triangulation number of 1
(T = 1), and its diameter and thickness are ∼240 Å and 25 Å,
respectively (Fig. 2 A and B).
The CFP-29 monomer consists of three conserved folds,

namely the A-domain, the P-domain, and the E-loop (Fig. 2C).
The A-domain, including the helical segments, β-sheets, and C
terminus, rarely connects to the other monomers in the assembly
but mediates interactions at the fivefold symmetry axis. The main
body of CFP-29 is formed by the P-domain, which contains the

N-terminal helix, spine helix, and a four-stranded β-sheet. It is
involved in mediating contacts at the threefold symmetry inter-
face. The E-loops are located at the capsomer interfaces and
play an essential role in forming the interface of the twofold
symmetry axis by providing a four-stranded β-sheet structure
formed by adjacent related subunits. Comparing it to the recently
resolved encapsulin shells from Thermotoga maritima (T = 1)
(11), Myxococcus xanthus (T = 3) (22), Quasibacillus thermoto-
lerans (T = 4) (12), and the major capsid protein gp5 of the
HK97 virus (T = 7) (23), most structural elements are conserved
and have the Johnson fold (23), but the orientations of domains
are different (Fig. 2D). By comparing with the two different
kinds of Johnson folds represented by HK97 gp5 (24) and BPP-1
Bbp17 (25), which have similar three-dimensional (3D) structure
arrangement but different topology, CFP-29 adopts the fold
represented by HK97 gp5 but not BPP-1 Bbp17 (SI Appendix,
Fig. S3). It has been proposed that prokaryotic encapsulins and
certain phage capsids have a common evolutionary origin (11).
According to the hypothesis of a common viral ancestor that was
present before the host organisms diverged (26), CFP-29 in
Mycobacterium seems to have evolved from an HK97-like virus
ancestor which was proposed to have emerged before the sepa-
ration of the bacterial and archaeal kingdom (26). However,

Fig. 1. Purification and characterization of the native encapsulin and MsDyP from M. smegmatis. (A) Size exclusion chromatography. The elution curve of
Superose 6 Increase is shown in red, and the encapsulin elution volume is 12 mL. (B) SDS-PAGE analysis of the encapsulin. (Left) The protein ladder. (Right) The
elution fraction from A. The bands corresponding to DyP and CFP-29 are labeled with black lines, which were then identified by MS. (C) Analysis of peroxidase
activity of DyP alone and DyP-loaded encapsulin at the same heme b concentration. The data represents the mean ± SD (bars) of triplicates for each con-
centration. (D) Representation of two distinct elution peaks performed on a Superdex 200 10/300 GL column, yielding a dodecamer peak I (dodecamer/
hexamer) and peak II (monomer). (E) SDS-PAGE analysis of the mixed fractions of the peak I/II. (F) Blue native polyacrylamide gel electrophoresis analysis of
the fractions of the peak I and II.
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given the herein-described cellular function of CFP-29 and the
diversity in terms of the amino acid sequences within and be-
tween all the known encapsulins and virus coat proteins, the
structural similarities may also just reflect convergence to one of
a limited number of possible solutions to the problem of making
a viable capsid (26). In this case, viruses such as HK97 could have
originated from a similar CFP-29–like cellular nanocompartment
assembly by a switch of the specificity from encapsulating proteins
to encapsulation of nucleic acids, perhaps by simply assembling
around its own messenger RNA during translation (27).
Similar to previous studies (11, 12, 22), the M. smegmatis

encapsulin shell also forms several pore openings (Fig. 3A). Two
holes are located at the points of the threefold and fivefold
symmetry axes. There is also a hole at the interface formed by
related two E-loop regions. However, a major difference is that
the diameter of the fivefold pore in the M. smegmatis encapsulin
is the largest among its known counterparts (Fig. 3B). After the
subtraction of the Van der Waals radii of the surface atoms, the
diameter of the mycobacterial pentameric pore is about 6.8 Å.
Around this pore, several histidine residues exist as a ring, resulting
in an array of a large number of positive charges.
Charged pores of the encapsulin may mediate substrate speci-

ficity, regulating the flux of substrates in and out of encapsulin that
are available to the protein cargo (28). Previous studies suggest
that the encapsulins from T. maritima (11), M. xanthus (22), and
Q. thermotolerans (12) tend to package a ferritin-like protein to
regulate the metabolism of cationic iron. Coincidentally, their
pentameric pores have negative charges distributed on the surface.
Besides, the DyP-loaded encapsulin of M. tuberculosis only has
minimal peroxidase activity with the neutral guaiacol as a substrate
compared with the negatively charged ABTS as a substrate (19). It
is worth noting that the pentameric pore of the encapsulin shell of
the M. smegmatis, which is closely related to M. tuberculosis, also
has many positive charges distributed on the surface (Fig. 3B).
Similar observations that the charges aid ionized substrate trans-
port have also been presented in the carboxysome shell proteins
and bicarbonate transport systems (29, 30).

Dodecameric DyP Cargo in the Encapsulin Shell. DyP proteins are
heme-containing superfamily enzymes and have been identified
in the genomes of fungi, bacteria, and archaea (31). DyP protein
has been suggested to be the cargo of the encapsulin (11, 17), but
this hypothesis lacks direct experimental evidence because only
the low-resolution structure of the DyP-packaging encapsulin
has been solved. Here, we determined the structure of dodeca-
meric DyP as the cargo of encapsulin at 3.7 Å by cryo-EM (Fig. 4
and SI Appendix, Figs. S1 and S2 and Table S3). Because of the
flexible interactions between the DyP and the encapsulin shell
(Movie S1), we performed local refinement for the encapsulin
shell and the DyP cargo. Hence, a composited map consisting of
the individual encapsulin shell and dodecameric DyP was
obtained. However, ∼26% of encapsulin particles are present as
a single hexamer (SI Appendix, Fig. S1), which are likely to be as-
sembly intermediates of the dodecameric DyP encapsulin. Consid-
ering the low ratio of the particles containing a single DyP hexamer,
we focused on resolving the structure of the dodecameric DyP.
In the present study, the dodecameric DyP stretches across the

interior of the encapsulin, with a length of 180 Å and a height of
90 Å (Fig. 4B). This is a dodecameric structure of a DyP-type
peroxidase, which also has a twofold axis between two hexamers.
In the hexamer, it can be divided into two layers, and each layer
is formed by three monomers with a threefold axis. There is a
large hole running through the center of the two layers. This hole
contains a large number of positive charges, attracting and chan-
neling negatively charged ions (described below). These two layers
are also arranged in the form of a twofold axis of symmetry within
the hexamer (Fig. 4C).
The protomer in this dodecameric DyP has also a core struc-

ture, which consists of N-terminal and C-terminal ferredoxin-like
fold domains, each including two helices and a four-stranded
β-sheet. Near the ferredoxin-like fold domain, there is a heme
prosthetic group. His220 functions as the ligand for the Fe atom of
the heme (Fig. 4D). The heme-binding pocket is essential to
confer the catalytic activities of DyP (32). This active site is also
involved in other residues, including Asp147, Arg238, Asn240, and
Asp282, which are well conserved among the DyPs (SI Appendix,

Fig. 2. The overall architecture of the encapsulin shell from M. smegmatis. (A) View down the fivefold symmetry axis. Symmetry axes are marked with red
symbols. A single pentamer monomer is shown in purple. (B) View to the inside of the shell from the cross-section. (C) The structure of the shell monomer is
organized into three conversed folds, P-domain, A-domain, and E-loop. (D) Structural alignment of shell monomers fromM. smegmatis (Ms) T = 1, T. maritima
(Tm) T = 1 (PDB 3DKT), M. xanthus (Mx) T = 3 (PDB 4PT2), Q. thermotolerans (Qt) T = 4 (PDB 6NJ8), and bacteriophage HK97 T = 7 (PDB 2FT1).
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Fig. S4). Additionally, the secondary structural elements and
overall topology of M. smegmatis DyP are remarkably conserved
compared to the DyP structures of Bacteroides thetaiotaomicron
(33) and Rhodococcus jostii RHA1 (34), with a homology of 50.49
and 53.35% at the amino acid levels, respectively. However, the
former mainly exists as a dodecamer in the encapsulin, but the
latter forms a hexameric state. Even so, the assembly of the hex-
amers from R. jostii RHA1 and B. thetaiotaomicron is also highly
similar to that of the hexamer in the M. smegmatis dodecameric
DyP (Fig. 4E). Similarly, the purified nonencapsulated DyP, which
was overexpressed alone in M. smegmatis, is also mainly in the
hexameric state (Fig. 1 D–F).
Although the native or foreign cargo proteins can be encap-

sulated into the encapsulin via the TP binding (10), the inter-
actions between them have not thoroughly been investigated. In
the present study, two copies of the DyP hexamer are stacked
together, and several hydrogen bonds are observed between
the two hexamers (Fig. 5A). Here, the threefold symmetry of the
individual hexamers is lost, but new symmetry is gained. The
dodecameric arrangement of DyP enzymes appears to obey D2
symmetry, which becomes accommodated in an icosahedral
symmetry shell and also makes equivalent interactions of both
ends with the interior of the icosahedral shell (Fig. 5A). Never-
theless, according to the observation from our cryo-EM analysis
(Movie S1), the dodecamer is not rigid, so it is difficult to ob-
serve the exact interactions between the DyP and the encapsulin
shell. In addition, due to the flexibility of TP, we also have not

observed it in our structure, which is in line with the previous
study (12).

Potential Antioxidation Mechanism of the Mycobacterial DyP-Loaded
Encapsulin. The pathogenesis of M. tuberculosis is contingent
upon an ability to evade the host immune response and the bac-
tericidal reactive oxygen species generated by the host (35, 36). A
connection to oxidative stress is seen in the encapsulin found inM.
tuberculosis. It has been reported that the M. tuberculosis encap-
sulin could potentially encapsulate the DyP, bacterioferritin B
(BrfB), or 7,8-dihydroneopterin aldolase (FolB) via a unique
C-terminal extension (19). Each of these three cargo proteins has
independent antioxidant activity (37–40). However, it is unknown
which cargo protein(s) that mycobacterial encapsulin encapsulates
in vivo. In the present study, we successfully isolated a native
encapsulin of M. smegmatis after exposure to stationary phase
stress, which can be thought of as simulating the existing condition
of M. tuberculosis inside the host (41). According to the structural
information here, it has been identified as a native DyP cargo-
loaded encapsulin system. This structural information suggests
that the DyP protein is the primary cargo and protects M. tuber-
culosis from host oxidative assault including hydrogen peroxide
(H2O2). It has been reported that the free DyPs and even in the
encapsulated form can successfully catalyze the H2O2-mediated
oxidation of various substrates (18). Therefore, these data suggest
that mycobacterial DyP-containing encapsulins play a key role in
combating oxidative stress.

Fig. 3. The pores on the encapsulin capsids. (A) Cartoon representation of the pores down the fivefold, threefold, and twofold symmetry axes on the
encapsulin shell of M. smegmatis. (B) Electrostatic surface representation of the pores down the fivefold, threefold, and twofold symmetry axes on the
encapsulin capsids from M. smegmatis, T. maritima (PDB 3DKT), M. xanthus (PDB 4PT2), and Q. thermotolerans (PDB 6NJ8). (The black scale bar is 10 Å.)
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Dye-decolorizing (DyP-type) peroxidases as a relatively new
class of peroxidases were found to have broad substrate speci-
ficity, as also artificial electron donors (e.g., ABTS, a classical
peroxidase substrate) (34), nonphenolic lignin compounds (42),
azo-dyes (43), manganese (44), aromatic sulphides (45), and
β-carotene (46) can be oxidized. In the present structure, the
fivefold pore of the CFP-29 encapsulin is the largest channel on
the encapsulin surface and contains a large number of positive
charges (Fig. 3B). Therefore, besides the H2O2, the endogenous
substrates of mycobacterial DyP-loaded encapsulins are likely
the negatively charged aromatic compounds, and the origin of
them transported through the encapsulin is the fivefold pore here
(Fig. 5B). Current studies on DyPs showed that high-turnover
oxidation of dyes and other bulky substrates occurs via long-
range electron transfer from the enzyme surface (47). In line
with the fivefold pore of the encapsulin, the threefold central
channels of both DyP hexamers are highly positively charged. It

might guide the negatively charged substrates flowing into the
hexamer interior and accomplish the electron transfer to the heme
group somewhere on the surface of the enzyme (Fig. 5B).

Conclusions. We have determined a complete high-resolution
structure of the native DyP-packaging encapsulin isolated from
M. smegmatis and depicted its assembly mechanism and struc-
tural features. Our results reveal that the shell plays a role in
stabilizing the dodecameric DyP. The structural information
suggests that the DyP is the primary cargo protein of mycobacterial
encapsulins and is a potential target for antituberculosis drug dis-
covery. We have proposed a potential mechanism for removing
H2O2. Further, our study provides insight into the assembly and
physiological role of the cargo-loaded encapsulin systems.

Materials and Methods
Bacteria Cell Culture and Membrane Preparation. Bacteria cell culture and
membrane preparation were performed with some modifications to that

Fig. 4. The structure of DyP cargo and structural alignment with other DyPs. (A) The composite map of the complete DyP-loaded encapsulin. (B) Overall
structure of the dodecamer DyP. (C) The symmetric structure of one DyP hexamer. The threefold and twofold axis of the hexamer are labeled with red
symbols. (D) Cartoon representation of DyP monomer structure. Heme and five important residues surrounding the prosthetic group in a stick model are
shown. (E) Structural comparison of monomeric and oligomeric DyPs fromM. smegmatis (MsDyP), R. jostii RHA1 (RjDyP), and B. thetaiotaomicron (BtDyP). The
DyPs are displayed as follows: MsDyP (gray), BtDyP (PDB 2GVK, blue), RjDyP (PDB 3QNR, green and PDB 3QNS, yellow).
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described in previously published protocols (48, 49). M. smegmatis strain mc2

155 was grown in Luria-Bertani (LB) culture medium with 25 μg/mL carbe-
nicillin and 1% (vol/vol) Tween 80 (Aladdin) at 220 rpm 37 °C. The growth
curve was detected by OD600. Cells were harvested in the late stationary
phase by centrifugation at 4,000 × g for 10 min (yielding about 40 g wet
weight per 6 L). Cell pellets were washed three times with Buffer A (20 mM
3-(N-morpholino)propanesulfonic acid [MOPS], pH 7.4, 100 mM NaCl, 1 mM
ethylenediaminetetraacetic acid, and 1 mM phenylmethylsulfonyl fluoride).
For membrane preparation, cell pellets were then resuspended in Buffer A
and lysed through an ATS AH-basic high-pressure homogenizer (1,000 to
1,100 bar). The remaining nucleic acids in retentate were digested by DNase
(1 U/μL) and RNase A (10 mg/mL) for 1 h at 4 °C. The cell lysate was centri-
fuged at 23,700 × g for 10 min to remove unbroken cells and cell debris. The
clarified supernatant was collected and ultracentrifuged at 150,000 × g in a
Type 45 Ti Rotor (Beckman) for 2 h. The membrane pellets were collected for
encapsulin purification.

Encapsulin Purification. It was reported that there is a ring of histidines along
the cytosolic face of the encapsulin shell of Thermotoga maritima (11). Based
on this, Ni-NTA affinity chromatography and gel filtration were used to
isolate the native encapsulin protein in the present study. Protein purifica-
tion was always performed at 4 °C unless otherwise noted. Membranes were
ground in Buffer A containing 1% (wt/vol) Brij 35. Encapsulin were extracted
from the membrane with slow stirring for 2 h. Insoluble components were
pelleted by centrifugation at 39,200 × g for 45 min. The cleared supernatant
was loaded onto a 5 mL Ni-NTA column pre-equilibrated in Buffer B (20 mM
MOPS, pH 7.4, 100 mM NaCl, and 0.05% [wt/vol] Brij 35) for affinity

chromatography. The resin was washed after protein binding using Buffer B
containing 50 mM imidazole. Finally, encapsulin was eluted with Buffer B
containing 500 mM imidazole and concentrated to a final volume of 0.5 mL
by ultrafiltration using the 100 kDa cutoff filter (Millipore). Additional pu-
rification was performed by gel filtration chromatography (Superose 6 In-
crease 10/300 GL, GE Healthcare) pre-equilibrated in Buffer A. The fractions
(corresponding to elution volume between 11 and 13 mL) were pooled for
SDS-PAGE and peroxidase activity analysis. Protein was concentrated and
quantified by a NanoDrop 2000 instrument (Thermo Fisher Scientific) and
then stored at −80 °C.

Characterization of the Components of Encapsulin. SDS-PAGE was used to
investigate the components of encapsulin. The electrophoretic bands were
analyzed by MS at the National Center for Protein Science. All experiments
were performed in triplicate.

MsDyP Expression and Purification. The coding sequence of MsDyP (Dyp-type
peroxidase, MSMEG_5829) was amplified from the genomic DNA of M.
smegmatis strain mc2 155 and inserted into the modified shuttle vector
pMV-261 with a C-terminal 10 × histidine tag. The recombinant plasmid was
sequenced and transformed into mc2 155 competent cells by electro-
poration. The colony was inoculated into the LB culture, with 50 μg/mL
kanamycin and 1% (vol/vol) Tween 80, that was induced with 0.2% acet-
amide and 25 μg/mL hemin at 16 °C for 4 d. Cells were harvested by cen-
trifugation at 4,000 × g for 10 min. For his-tagged DyP purification, the cell
pellets were resuspended in Buffer A and disrupted through the high-
pressure homogenizer at 800 bar. After centrifugation at 39,200 × g for

Fig. 5. DyP encapsulin coassembly and the model for the potential pathway of the endogenous substrate. (A) The interactions between the two hexamers of
DyP and the views through the shell into the DyP. The residues involved in interactions are denoted by the dotted boxes, and hydrogen bonds are indicated by
dashed lines. (B) The potential substrate transport pathway (Left) and the electrostatic surface representations of the threefold channel of the DyP
hexamer (Right).
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40 min, the clarified lysate was then loaded onto a 2 mL Ni-NTA column pre-
equilibrated with Buffer A. After resin washing, MsDyP was eluted with
Buffer A containing 500 mM imidazole, concentrated using concentrators
with the appropriate 30 kDa cutoff (Millipore), and finally purified by size
exclusion chromatography (Superdex 200 10/300 GL, GE Healthcare). Frac-
tions were collected and analyzed by SDS-PAGE and blue native
polyacrylamide gel electrophoresis.

Peroxidase Activity of the Sample. The peroxidase activity was carried out
utilizing H2O2 as the electron acceptor and pyrogallol (Sigma P0381-25g) as
an electron donor, with minor modifications as described previously (18, 19).
Oxidation of pyrogallol was carried out in the presence of 2 mM H2O2,
monitoring at 430 nm (e 2,470 M−1 cm−1) in 50 mM Hepes buffer pH 5.5 at
25 °C, using a BioTek Gen5 Spectrophotometer. Steady-state kinetic assays
were conducted in triplicate in the presence of 0.005 to 5 mM H2O2, with
pyrogallol kept at 320 mM. Kinetic parameters were determined by non-
linear curve fitting using GraphPad Prism 6.0 software.

Cryo-EM Sample Preparation. The purified encapsulin sample was concen-
trated to 10 mg/mL before sample preparation. After concentration, 4 μL of
the sample solutions was applied to a glow-discharged Quantifoil R 1.2/1.3
200 mesh Holey Carbon gold grid, blotted for 3.0 to 4.0 s, and immediately
plunge frozen in liquid ethane using a Thermo Fisher Scientific Vitrobot
Mark IV.

Cryo-EM Data Acquisition. The encapsulin dataset was collected on a Thermo
Fisher Scientific 300 keV Titan Krios microscope equipped with a Gatan GIF K2
direct electron detector. The images were acquired using the automated data
collection program SerialEM (50), which were recorded in super-resolution
mode with a super-resolution pixel size of 0.52 Å (a physical pixel size of 1.04
Å) at a nominal magnification of 130 k× and a slit width of 20 eV. Each
movie was recorded in 40 frames with a total exposure time of 6.4 s and a
total exposure dose of 60 e−/Å2. The nominal defocus range was set to 1.5 to
2.5 μm.

Image Processing. The dose-fractionated movies were aligned, summed, dose
weighted, distortion corrected, and binned by twofold in Fourier space
(giving a pixel size of 1.04 Å) using MotionCor2 (51) to generate unweighted
and weighted micrographs for each movie. Next, the unweighted aligned
micrographs were used for contrast transfer function (CTF) estimation using
Gctf 1.06 (52). According to the Gctf results, micrographs with Thon rings fit
values worse than 5.5 Å, or the difference between two defocus values
larger than 500 Å were eliminated from further processing, resulting in the
retention of 2,003 micrographs. Gautomatch 0.53 (https://www2.mrc-lmb.
cam.ac.uk/download/gautomatch-053/) was used to automatically pick par-
ticles from parts of micrographs without a template, and the resulting
particles stack was subjected to reference-free two-dimensional (2D) classi-
fication using RELION (REgularized LIkelihood OptimizatioN) 3.0.5 (53–55).
Five representative classes were then used for template-based particle
picking in Gautomatch, yielding a stack of 110,017 particles. The following
image processing steps were all performed in RELION 3.0.5 unless otherwise
stated. The stack of 110,017 particles was extracted using 360-pixel box size
from dose-weighted distortion-corrected micrographs and binned by four-
fold (giving a pixel size of 4.16 Å), which was then subjected to several
rounds of 2D classification. Poorly populated classes with low angular ac-
curacy were removed, resulting in 76,820 particles remaining. The good 2D
class averages with representative multiple views were selected for ab initio
reconstruction and generated an initial model using cryoSPARC 2.4.0 (56).
Then, the remaining 76,820 particles after 2D classification were subjected

to 3D classification using the initial model low-pass filtered to 60 Å. Visual
inspection of the resulted 3D maps showed that three classes had good
encapsulin shell features, and only one class had good DyP features inside
the encapsulin shell. For the encapsulin shell, 68,701 particles corresponding
to the three classes were recentered, re-extracted, unbinned (giving a pixel
size of 1.04 Å), and subjected to a 3D auto-refinement, followed by post-
processing, CTF refinement, and 3D auto-refinement again with icosahedral
symmetry imposed. This procedure yielded a postprocessed 2.5 Å map based
on the gold-standard Fourier shell correlation (FSC) 0.143 criterion. For the
DyP cargo protein, 25,020 particles corresponding to the only one class were
recentered, re-extracted, unbinned (giving a pixel size of 1.04 Å), and sub-
jected to 3D auto-refine. After refinement, focused 3D classification was
performed for DyP, and two classes corresponding to 13,937 particles had
good DyP features. These particles were used for signal subtraction to keep
only the DyP signal. Local 3D auto-refinement was performed for these
subtracted particles with C2 symmetry. The resulting map was then used for
generating 12 masks covering 12 DyP monomers using the Segment Map
tool in University of California, San Francisco (UCSF) Chimera (57) and mask
creation in RELION to search for local symmetry operators. The subtracted
particles were subjected to final local 3D auto-refinement with the con-
verged local symmetry operators and regularization parameter T = 12,
yielding a postprocessed map with a resolution of 3.7 Å based on the gold-
standard FSC = 0.143 criterion.

Model Building and Refinement. For the encapsulin shell, the T. maritima
encapsulin structure (Protein Data Bank [PDB] 3DKT) was docked into the
final 2.5 Å map. For the DyP cargo protein, Streptomyces coelicolor DyP-type
peroxidase structure (PDB 4GU7) was docked into the final 3.7 Å map. Both
structures were docked as rigid bodies using UCSF Chimera. Then Ms-Enc and
Ms-DyP models were built manually in Coot (58) by mutating amino acid
residues and further refined using real-space refinement in Phenix (59). The
symmetry matrices were generated using UCSF Chimera. MolProbity (60) was
used for structure validation. All the figures were prepared using the UCSF
Chimera (57), UCSF ChimeraX (61), and PyMOL (62).

Data Availability. The 3D cryo-EM density map and coordinate data have been
deposited in the PDB database. The accession numbers for the 3D cryo-EM
density map of encapsulin shell and the cargo protein DyP in the present study
are EMD-30130 and EMD-30131, respectively. The accession numbers for the
3D cryo-EM density map of the complete DyP-loaded encapsulin is EMD-30132.
The accession numbers for the coordinates for the encapsulin shell and cargo
protein DyP in this study are PDB 7BOJ and PDB 7BOK respectively. All other
study data are included in the article and/or supporting information.
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