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Abstract

Subcellular compartmentalization is a defining feature of all cells. In prokaryotes, 

compartmentalization is generally achieved via protein-based strategies. The two main 

classes of microbial protein compartments are bacterial microcompartments and encapsulin 

nanocompartments. Encapsulins self-assemble into proteinaceous shells with diameters between 

24 and 42 nm and are defined by the viral HK97-fold of their shell protein. Encapsulins have 

the ability to encapsulate dedicated cargo proteins, including ferritin-like proteins, peroxidases, 

and desulfurases. Encapsulation is mediated by targeting sequences present in all cargo proteins. 

Encapsulins are found in many bacterial and archaeal phyla and have been suggested to play 

roles in iron storage, stress resistance, sulfur metabolism, and natural product biosynthesis. 

Phylogenetic analyses indicate that they share a common ancestor with viral capsid proteins. 

Many pathogens encode encapsulins, and recent evidence suggests that theymaycontribute toward 

pathogenicity. The existing information on encapsulin structure, biochemistry, biological function, 

and biomedical relevance is reviewed here.
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INTRODUCTION

It is increasingly evident that the interior of prokaryotic cells is highly organized (1, 2). 

In contrast to eukaryotes, prokaryotes do not generally possess lipid-based organelles but 

instead rely on protein-based compartmentalization strategies to achieve spatial control 

and subcellular organization. Historically, bacterial microcompartments (BMCs) were the 

main class of protein-based organelles recognized in bacteria (3). BMCs consist of sets 

of enzymes sequestered in large protein shells, often with diameters larger than 100 nm, 

consisting of multiple kinds of shell protomers (4, 5). BMCs can either function in an 

anabolic capacity, exemplified by the carbon-fixing carboxysome found in cyanobacteria and 

some chemoautotrophs (6, 7), or fulfill a catabolic role as metabolosomes in the utilization 

of carbon and nitrogen sources (8-10). More recently, a second widespread class of protein 
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compartments called encapsulins has been discovered and represents an emerging paradigm 

for intracellular spatial control and organization. Encapsulins are proteinaceous nanoscale 

compartments also able to specifically encapsulate dedicated enzymatic components (11, 

12). Intracellular compartments with a proteomically defined interior and a discrete 

boundary fulfilling distinct physiological functions are generally referred to as organelles 

(13). This includes lipid-based organelles, phase-separated structures, and protein-based 

compartments, all of which have been described in prokaryotic cells in recent years. 

Compartmentalization generally serves four distinct functions: the creation of distinct 

reaction spaces and environments, storage, transport, and regulation (13). Often, it serves 

several of these functions at the same time.

All encapsulins studied so far self-assemble from a single shell protomer into icosahedral 

compartments with diameters between 24 and 42 nm and with triangulation numbers of 

T1, T3, or T4 (12, 14) (Figure 1a). Their defining feature is the ability to encapsulate 

dedicated cargo proteins, including ferritin-like proteins (Flps), peroxidases, hemerythrins, 

and desulfurases (Figure 1b). Cargo encapsulation is mediated either by short, conserved 

peptide sequences at the termini of cargo proteins—referred to as targeting peptides (TPs) or 

cargo-loading peptides—or by more extended N-terminal encapsulation-mediating domains 

(15-17). TPs can be used to identify cargo proteins at the sequence level. Encapsulin systems 

can be found in many bacterial and archaeal phyla and have so far been suggested to 

play roles in iron storage, oxidative stress resistance, anaerobic ammonium oxidation, and 

sulfur metabolism (12, 14). Based on recent genome-mining studies, encapsulins have been 

grouped into four distinct families reflecting differences in sequence, structure, and operon 

organization (18) (Figure 1c). In contrast to all other known microbial protein compartments 

or organelles, the encapsulin shell protein shares the HK97 (Hong Kong 97) phage-like fold, 

pointing to an evolutionary connection with the world of bacteriophages and viruses (18).

A common theme for all encapsulin families is their historic misannotation and 

mischaracterization, which initially stifled progress in understanding their molecular and 

physiological functions. A contributing factor to this was likely their unusual HK97-fold, 

which does not show any homology to known cellular proteins. The specific histories of 

the four encapsulin families are discussed in more detail in the section titled Evolutionary 

Origin and Comparative Analysis. In 2008, encapsulins were finally recognized as protein-

based compartmentalization systems with dedicated functions in cellular organisms (11).

Due to their robust self-assembly and engineerability, encapsulins have found widespread 

use in biomolecular and protein engineering applications. A number of recent in-depth 

reviews (14, 19-22) have discussed the engineering of encapsulins and their use in 

biomedical and biotechnological applications, and the reader is referred to them for more 

information on this topic.

DISTRIBUTION, DIVERSITY, AND CLASSIFICATION

Recent large-scale computational searches for encapsulin-containing operons encoded in 

prokaryotic genomes have resulted in a curated list of over 6,000 encapsulin-like systems 

(18, 23) (Figure 2). These operons can be found in 31 bacterial and 4 archaeal phyla. Based 
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on these recent data sets, a novel classification scheme for encapsulin systems—establishing 

four distinct encapsulin families—has been proposed based on sequence similarity, Pfam 

(protein family) membership, and genome-neighborhood composition (Figure 1c).

Family 1

Family 1 encapsulins (PF04454) represent the first recognized, most well-studied, and 

most widespread family of encapsulin-like systems. They were initially detected as 

high-molecular-weight aggregates via transmission electron microscopy in selectively 

bacteriostatic culture supernatants of Brevibacterium linens M18 (24). Based on this 

observation, the authors concluded that this high-molecular-weight protein component 

must be a homomultimeric bacteriocin and called it linocin M18. This led to the initial 

misannotation of Family 1 encapsulins as bacteriocins that still persists today. Further 

homologs were discovered in Mycobacterium tuberculosis (Cfp29) (25) and Thermotoga 
maritima (maritimacin) (26, 27) and were thought to exhibit proteolytic activity. However, 

neither bacteriostatic nor proteolytic activity could be validated in later studies using more 

purified protein preparations (11). Because of these early studies, Family 1 encapsulins 

are almost always misannotated within bacterial and archaeal genomes as bacteriocin, 

maritimacin, or linocin M18. Even very recently, reports can be found in the literature 

of partially purified encapsulins being falsely characterized as bacteriocins or proteases 

(28-32). Further confusion arises from the fact that in these early studies, encapsulins were 

isolated from culture supernatants and filtrates, leading to the misguided idea that they 

represent secreted proteins (24, 25, 33). The presence of encapsulins in culture supernatants 

is likely due to their release upon cell lysis and slow accumulation over time facilitated by 

their often-observed resistance toward proteolysis (15, 34, 35).

Family 1 encapsulins can be found in 31 out of 35 encapsulin-encoding prokaryotic phyla 

(18) (Figure 2). The majority of Family 1 operons are encoded by the phyla Proteobacteria, 

Actinobacteria, and Firmicutes and can be classified into at least seven main operon types 

based on co-encoded cargo proteins (Table 1). The generalized operon organization of 

Family 1 encapsulin systems consists of the encapsulin shell protein and a single primary 

cargo protein almost always encoded directly upstream of the encapsulin gene (18, 23) 

(Figure 1c). Many operons may also encode other noncargo but conserved accessory 

components that are coregulated and likely important for operon function (18, 23, 36).

Family 2

Family 2 encapsulins can be distinguished from Family 1 due to their differing operon 

organization and lack of assigned Pfam family. They are now further divided into two 

subfamilies based on the absence (Family 2A) or presence (Family 2B) of a putative cyclic 

nucleotide (cNMP)-binding domain (PF00027) fused to the HK97-fold shell component (18) 

(Figure 1c). Family 2 encapsulins have only recently been recognized as such (17) and 

were historically misannotated and mischaracterized in various ways. Family 2A encapsulins 

were first reported in the membrane fraction of the intracellular parasite Mycobacterium 
leprae as the immunodominant major membrane protein I (MMPI) and were subsequently 

falsely considered to be surface-exposed membrane proteins (37). MMPI was studied in 

the context of different mycobacterial pathogens and is discussed in more detail in the 
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section titled Biomedical and Agricultural Relevance. Family 2B encapsulins were also 

originally misannotated and mischaracterized as the multimeric transcription factor EshA 

in Streptomyces griseus, due to the presence of the aforementioned cNMP-binding domain 

often found in transcriptional regulators (38). EshA was proposed to be important for the 

formation of sporogenic hyphae in S. griseus and Streptomyces coelicolor A3(2) (38-40) 

and the regulation of antibiotic production in S. coelicolor A3(2) (41, 42), Streptomyces 
avermitilis (43), and Streptomyces albus (44), while a close homolog of EshA, dubbed EshB

—a second Family 2B encapsulin system in the S. coelicolor A3(2) genome—was found to 

have no effect on antibiotic production (41). All these studies were carried out before Family 

2 encapsulins were recognized as cargo-loaded protein compartments.

Family 2 encapsulins represent the most numerous encapsulin systems known to date and 

can be found in 14 bacterial phyla (18) (Figure 2). The majority of Family 2 encapsulins 

are found in the phyla Actinobacteria, Proteobacteria, Bacteroidetes, and Cyanobacteria. 

Family 2 consists of at least five distinct operon types based on cargo protein identity and 

co-occurrence (Table 1). Compared to Family 1, Family 2 operon organization is more 

varied due to the presence of cNMP-binding domains in Family 2B encapsulins and the 

variable occurrence of two distinct shell components within 2B operons (18). Noncargo 

accessory components may also be present, likely related to the biological function of a 

given operon (45) (Figure 1c).

Family 3

Recently, a third family of encapsulins (Family 3) has been proposed based on 

computational genome mining (18). Family 3 encapsulins are misannotated as phage major 

capsid proteins and have been classified together with the majority of HK97-fold viruses 

into Pfam family PF05065. However, close inspection of their genome neighborhoods has 

revealed that they are in fact not part of virus genomes but rather are often integrated 

into large peptide and polyketide biosynthetic gene clusters (Figure 1c). They can mostly 

be found in the phyla Actinobacteria and Proteobacteria, primarily in Streptomyces and 

Myxococcus species, as well as some other closely related genera (Figure 2). Streptomyces 
and Myxococcus species are widely known as being among the most prolific producers of 

bioactive natural products (46, 47). Due to the variability of co-occurring biosynthetic genes 

in Family 3 operons, a simple classification of these systems is difficult (Table 1). So far, no 

Family 3 encapsulin system has been experimentally characterized.

Family 4

Similar to Family 3, Family 4 encapsulins (PF08967) have only recently been identified 

through in silico searches and so far have not been experimentally characterized (18). They 

are the most distinct family of encapsulins discovered to date and are restricted to the 

archaeal phylum Euryarchaeota and bacteria of the phylum Bacteroidetes (Figure 2). All 

so-far sequenced Pyrococcus and Thermococcus genomes encode two distinct Family 4 

operons. Family 4 encapsulin proteins are truncated and thus only one third the length of 

a standard HK97-fold protein (~100 residues) (48, 49). The reasons Family 4 has been 

suggested to represent a divergent type of encapsulin systems are that they are structurally 

similar to one of the core domains of the HK97-fold [A-domain (axial domain)], they 
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are found outside viral genomes encoded in operons with enzymatic components, and 

they are part of the same Pfam clan as the other encapsulin families. All archaeal Family 

4 operons consist of an enzyme component and a Family 4 encapsulin protein located 

directly downstream (Figure 1c). Four distinct and conserved archaeal operon types can 

be distinguished based on the type of enzymatic component (Table 1). Bacterial Family 4 

encapsulins are not encoded in obvious operon-like structures, making their classification 

and function prediction more difficult.

Co-Occurrence of Multiple Encapsulin Operons

Many organisms possess more than one encapsulin system. About 15–20% of all 

encapsulin-containing prokaryotic genomes encode multiple encapsulin operons (18). The 

number of co-occurring systems can range from two operons of the same or different family

—common combinations are Family 1 + 2B, 2× Family 2B, and 2× Family 4—up to seven 

distinct operons in Nocardia terpenica (1× Family 1, 1× Family 2A, and 5× Family 2B) or 

five distinct Family 2B operons in Sorangium cellulosum. Four of the S. cellulosum operons 

represent systems with two shell components each, resulting in a total of nine distinct 

shell proteins encoded in a single genome. The greatest family-level diversity of encapsulin 

systems can be found in a number of Actinomadura and Corallococcus spp., which encode 

Family 1, 2B, and 3 systems.

The widespread nature and diversity of encapsulin systems highlights the importance of 

protein-based compartmentalization systems for regulating and optimizing bacterial and 

archaeal metabolism. With the increasing number of available prokaryotic genomes and 

the sampling of previously unexplored environmental niches, more encapsulin families and 

operon types are likely to be discovered in the future.

EVOLUTIONARY ORIGIN AND COMPARATIVE ANALYSIS

All encapsulin families with a recognized Pfam association belong to the Pfam clan CL0373, 

which contains the majority of Pfam-classified HK97-fold proteins (18). Pfam classification 

is based on a combination of structural and sequence similarity (50, 51). Pfam clans are 

meant to encompass only Pfam families that share a common evolutionary origin, thus 

indicating that by Pfam metrics all encapsulins are evolutionarily related to the other HK97-

fold proteins—representing bacteriophage and virus capsid proteins—contained within 

CL0373. Sequence-based phylogenetic analysis indicates that all encapsulin families except 

Family 4 are more closely related to one another than they are to other HK97-fold proteins 

contained within CL0373 (18) (Figure 3a). The P22 bacteriophage coat protein family 

(PF11651) was identified as being most closely related to Family 1, 2, and 3 encapsulins. 

Bacterial and archaeal Family 1 encapsulins were found to be more closely related to 

one another than to other HK97-fold proteins, suggesting interdomain transfer of Family 

1 encapsulins—likely from Bacteria to Archaea—which represents a well-documented 

phenomenon (52, 53). Family 4 encapsulins were suggested to be the most evolutionarily 

distinct family, more closely related to other HK97-fold capsid proteins than to Family 1, 2, 

or 3 encapsulins.
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Complementary analyses using structure-based clustering of representatives of Pfam clan 

CL0373 showed that Family 1 encapsulins form an apparent monophyletic clade, while the 

single available Family 2A encapsulin structure (6X8T) was more similar to virus capsids 

of family PF05065 (18, 45) (Figure 3b). No Family 3 encapsulin structure is currently 

available; however, some Family 3 members have been automatically grouped within Pfam 

family PF05065, potentially indicating that they are structurally more similar to Family 

2 than to Family 1 encapsulins. Even though Family 4 encapsulins are heavily truncated 

compared with the canonical HK97-fold, structure-based clustering was successfully used to 

confirm their membership in Pfam clan CL0373 (18). Family 4 was found to most closely 

resemble the A-domain of PF05065 capsid proteins.

Both sequence- and structure-based analyses suggest that encapsulins share a common 

ancestor with the HK97-fold proteins contained within Pfam clan CL0373, representing 

the ubiquitous viral order Caudovirales (54). The factors just discussed may point to a 

viral origin of encapsulin systems, potentially via molecular domestication of prophage 

HK97-type capsid proteins by their cellular hosts. This scenario is in agreement with the 

fact that HK97-fold viruses are widespread and often found as proviruses and prophages 

in the genomes of members of all domains of life, whereas encapsulins show a narrower 

phylogenetic distribution (18, 23, 54).

SHELL STRUCTURE AND FUNCTION

The defining feature of encapsulin systems is the formation of heteromeric complexes 

by HK97-fold structural proteins with enzymatic components. In the so-far characterized 

Family 1 and 2 systems, complex formation takes the form of selective sequestration of 

enzymes, referred to as cargo proteins, inside self-assembling icosahedral protein shells 

formed by the HK97-fold encapsulin shell protein (12). The HK97-fold is named after the 

gp5 protein of bacteriophage Hong Kong 97 (55, 56) and is predominantly found in the 

capsid proteins of viruses of the order Caudovirales infecting bacteria and archaea (48, 49, 

54). It is further present in the floor domain of eukaryotic Herpesvirales capsid proteins (57). 

Outside of viruses, the HK97-fold is only found in bacterial and archaeal encapsulins (18).

The HK97-fold protomer is roughly triangular in shape and consists of three conserved 

domains, the axial domain (A-domain), peripheral domain (P-domain), and extended loop 

(E-loop) (48, 49) (Figure 4a). Various other loops, extensions, and insertions have been 

reported in the HK97-fold capsid proteins of different viruses and phages. Family 1 

encapsulins contain a unique N-terminal helix (N-helix) that directly interacts with the 

P-domain and forms part of the TP binding site and is thus important for anchoring 

encapsulated cargo proteins to the shell interior (11, 36). E-loop conformation has been 

observed to be a key assembly mode determinant that dictates the triangulation number 

of the resulting encapsulin shell, with T3 and T4 shells resulting from a more compact 

protomer while a more extended E-loop results in T1 assemblies. Instead of a simple 

N-helix, the single structurally characterized Family 2 encapsulin from Synechococcus 
elongatus (Family 2A) exhibits an extended N-arm followed by a short N-helix and a 

disordered N-extension that is more similar to the N termini found in many viral capsid 

proteins of the Pfam family PF05065 (17). The extended N-arm motif is likely also found 
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in Family 3 encapsulins, as they are often automatically grouped with PF05065 as well, but 

no Family 3 structure is currently available to confirm this hypothesis. So far, no structure of 

a Family 2B system has been reported, but based on sequence alignments and annotations, 

these systems appear to contain an ~120-residue putative cNMP-binding insertion domain 

inside the E-loop. The function of this domain has so far not been elucidated; however, it has 

been suggested that binding cyclic nucleotides might allow the encapsulin shell to change 

conformation, disassemble, or relay a signal to the shell interior (18).

Encapsulin protomers have been reported to self-assemble into three differently sized closed 

shells with icosahedral symmetry, roughly 24 nm (T1, 60 protomers), 32 nm (T3, 180 

protomers), and 42 nm (T4, 240 protomers) in diameter (12) (Figure 4b). Analogous to 

viral capsids, encapsulin shells consist of pentameric and hexameric facets occupying the 

icosahedral fivefold and threefold symmetry axes, respectively. Even though the eponymous 

HK97 bacteriophage possesses a T7 capsid (~65 nm, 420 protomers) (55), encapsulin shell 

proteins by themselves seem unlikely to be able to form defined and stable T7 assemblies 

because, so far, all known HK97-fold T7 capsids require scaffolding components for the 

assembly and maturation of a stable T7 structure (48, 49). However, some encapsulin 

systems may utilize currently unknown scaffolding components to achieve an expanded 

T7 architecture. Encapsulins generally possess symmetrical pores at their five-, three-, 

or twofold symmetry axes, which can differ in size and charge and are hypothesized to 

facilitate and control the transit of small molecules relevant for the functioning of the 

respective encapsulin system while excluding unwanted proteins and compounds (12).

Even though the shell of Family 1 encapsulins was thought to fulfill a purely structural 

function by forming a diffusion barrier that allows cargo sequestration and control over 

molecular flux, recent structural studies have identified a flavin cofactor directly bound to 

the HK97-fold encapsulin protomer in the Thermotoga maritima T1 Flp system (58-60) 

(Figure 4c). The binding site for this redox cofactor is located on the outside of the shell 

around the threefold symmetry axis and pore. The precise function of the flavin moiety is 

currently unknown; however, it has been suggested to play a role in the redox chemistry 

necessary for dynamic iron storage inside the encapsulin shell (60). The flavin moiety 

could achieve this by relaying electrons through the compartment shell, thus enabling either 

oxidation and storage or reduction and release of iron. Based on sequence comparisons, it 

has been suggested that ~30% of bacterial Family 1 Flp systems may incorporate a flavin 

cofactor into their shell (60). Most of these are found in anaerobes, potentially indicating 

that a flavin cofactor is specifically necessary in anaerobic environments.

Another recent study of the Haliangium ochraceum T1 Flp encapsulin showed that 

encapsulin shells are not static but are in fact capable of substantial conformational change 

(61). Specifically, two distinct states of the fivefold pore—open and closed—could be 

resolved in cryogenic electron microscopy (cryo-EM) structures with a substantial difference 

in pore diameter of 15 Å (Figure 4d). This indicates that, at least for some T1 Flp systems, 

dynamic pores likely play a major role in controlling molecular flux of substrates, in this 

case iron, across the shell, thus adding another layer of complexity to encapsulin function.

Giessen Page 7

Annu Rev Biochem. Author manuscript; available in PMC 2023 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The newly proposed Family 4 encapsulins represent the most structurally distinct encapsulin 

family. As mentioned in the section titled Distribution, Diversity, and Classification, they 

are heavily truncated and structurally similar to the A-domain of the HK97-fold. A crystal 

structure of a Family 4 encapsulin from Pyrococcus furiosus is available and crystallized as 

a dimer (62) (Figure 4e). Similar to the A-domain of the HK97-fold (48, 49), the Family 4 

protomer consist of two α-helices surrounding a central four-stranded β-sheet (Figure 4e). 

Based on structural alignments, it has been suggested that the Family 4 protomer is the result 

of a loss of the HK97-fold N- and C-terminal domains, resulting in a contiguous stretch 

of about 100 amino acids representing most of the HK97-fold A-domain. The dimeric 

form of the Family 4 protomer may represent its native oligomeric state, which interacts 

with the co-encoded enzymatic component. Alternatively, based on the structural similarity 

with HK97-fold A-domains, Family 4 encapsulins may also be able to oligomerize into 

higher-order facets or complexes, potentially together with their partner enzymes.

It is currently unclear if a generalizable reason for encapsulating certain enzymes inside a 

protein shell exists. Given the diversity of so-far identified encapsulin operons, the protein 

shells formed by encapsulin systems seem likely to enclose certain cargo proteins and 

processes for different reasons, including dynamic storage, intermediate sequestration, and 

regulation, all of which likely benefit from compartmentalization for related but different 

molecular reasons.

CARGO PROTEINS, BIOCHEMISTRY, AND BIOLOGICAL FUNCTION

The specific function of each encapsulin system is primarily determined by the type of 

coregulated enzymatic component usually colocalized within a given encapsulin operon. In 

Family 1 and 2 systems, enzymatic components have been shown to represent dedicated 

cargo proteins selectively encapsulated within the self-assembling encapsulin shell (17, 36, 

63). Family 3 and 4 systems have not been experimentally characterized, and variations on 

the mode of encapsulin-enzyme interaction are possible, specifically for Family 4 systems, 

in which an alternative dimeric oligomerization state of the HK97-fold protomer has been 

reported (62).

So far, experiments have revealed the general biochemical function of three types of 

encapsulin systems, two from Family 1 and one from Family 2. For Family 1, some 

information is available for ferroxidase- and peroxidase-containing operons, while for 

Family 2, a desulfurase-encoding operon has been studied. Here, these systems have been 

classified by their core catalytic capabilities and not necessarily by their physiological 

function or phylogenetic affiliation. Only limited data exist about the roles these systems 

play in prokaryotic cell biology and physiology.

Family 1 Ferroxidase Cargos: Flps and IMEF Proteins

The ferroxidases found in Family 1 systems are all part of the large protein superfamily 

of ferritin-like proteins characterized by helical bundle structures that harbor dinuclear 

iron active sites (64). Ferroxidase activity can variably rely on molecular oxygen, 

hydrogen peroxide, or other compounds as oxidants. The two so-far experimentally studied 

ferroxidase operon types contain Flp and iron-mineralizing encapsulin-associated firmicute 
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(IMEF) cargo proteins (11, 36, 60, 61, 65). Due to their ferroxidase activities, both Flp 

and IMEF cargo proteins are able to oxidize ferrous to ferric iron inside the encapsulin 

shell, leading to the formation of encapsulated ferric iron precipitates, often referred to 

as ferrihydrites (36) (Figure 5a). Static and/or dynamic pores likely play a key role in 

controlling the flux of iron across the protein shell (61). It is currently unknown if or how 

stored iron precipitates are remobilized, but for a subset of Flp systems, a flavin cofactor 

coordinated to the shell has been suggested to play a role in iron reduction and release 

(58-60). Different mechanisms of iron storage and mobilization might be used under aerobic 

and anaerobic conditions.

Crystal structures of Flp cargo from H. ochraceum and Rhodospirillum rubrum suggest 

that they form decameric assemblies with D5 symmetry (66, 67) (Figure 5b). Recent cryo-

EM studies on cargo-loaded encapsulins strongly indicate that decameric Flp assemblies 

represent the native state of Flp inside the encapsulin shell as well (60, 61). It has 

been suggested that a tetrahedral arrangement of four Flp decamers may represent the 

native loading state of the H. ochraceum system (61) (Figure 5c). Interestingly, this 

assembly state leads to a symmetry mismatch between encapsulated Flp and the encapsulin 

shell. In all identified archaeal Flp systems, an Flp domain is directly fused to the N 

terminus of the encapsulin shell protein, resulting in a Fusion-Flp encapsulin and leading 

to the internalization of Flp domains upon shell assembly. Studies of P. furiosus and 

Sulfolobus solfataricus Fusion-Flp systems have shown that they form T3 shells and contain 

internalized Flp assemblies (68, 69). The excised P. furiosus Flp domain has been shown 

to form a D5 symmetrical decamer similar to the other characterized Flp cargos; however, 

the structural arrangement of fused Flp inside the shell remains unknown (66). Based on 

the number of protomers in T1 (60 subunits), T3 (180 subunits), and T4 (240 subunits) 

encapsulin shells, it is hard to imagine how the corresponding 6, 18, or 24 Flp decamers 

could be arranged in a symmetrical way in the encapsulin interior. Further studies are 

needed to elucidate the Flp assembly state in Fusion-Flp encapsulins, which might be more 

heterogeneous than that for nonfused Flp cargo proteins.

A recent study of the Quasibacillus thermotolerans IMEF system revealed it to be the 

so-far only confirmed and characterized T4 encapsulin (36). It appears that up to 42 IMEF 

dimers can be encapsulated within the T4 shell, one each for the 12 pentameric and 30 

hexameric facets. IMEF is a member of the ferritin-like protein superfamily and forms an 

unusual dimer of four helix bundles harboring a ferroxidase active site at the dimer interface. 

Due to the large size of the T4 shell, large amounts of iron can be stored as ferric iron 

precipitates inside the compartment. Iron-rich cores 30 nm in diameter have been observed 

containing close to 25,000 iron atoms—an order of magnitude more than can be stored in 

standard (bacterio)ferritins. Intriguingly, many IMEF operons encode a conserved 2Fe–2S 

ferredoxin, homologous to bacterioferritin-associated ferredoxins, which have been shown to 

be responsible for iron reduction and release from bacterioferritin cages (70). This 2Fe–2S 

ferredoxin carries an N-terminal motif very similar to the conserved usually C-terminal TPs 

found in confirmed Family 1 cargo proteins and was shown to copurify with the T4 shell 

under heterologous expression conditions (36). Further studies are needed to conclusively 

determine if this ferredoxin might represent a low-abundance cargo protein or a component 

able to specifically interact with the shell exterior. In both scenarios, it may be involved in 
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relaying electrons across the protein shell to allow the reduction and remobilization of stored 

iron.

Flp and IMEF encapsulins are reminiscent of the long-studied and ubiquitous 

(bacterio)ferritins that represent the major iron storage system for most prokaryotic and 

eukaryotic cells (71). Unlike (bacterio)ferritin cages, Flp and IMEF cargo proteins by 

themselves cannot store precipitated iron in a soluble and inert form and have to rely 

on the encapsulin shell to achieve iron precipitate sequestration. The vast majority of 

organisms containing Flp encapsulins encode standard (bacterio)ferritins in their genomes, 

suggesting that the primary role of Flp encapsulins might not be iron storage but rather 

combating oxidative stress by safely storing excess reactive iron under certain conditions. 

This hypothesis is in agreement with the upregulation of the T. maritima Flp encapsulin 

in oxidative stress–induced biofilms (72) and a recent study reporting the upregulation 

of an Flp encapsulin system in Phascolarctobacterium faecium as part of the coculture-

induced stress response (73). Further, a Fusion-Flp encapsulin in the archaeon Palaeococcus 
pacificus has been proposed to play a role in oxygen stress resistance (74). Deletion of 

the encapsulin shell protein in the Myxococcus xanthus Flp operon resulted in tan-phase-

locked mutants with abolished extracellular polysaccharide production, reduced swarming 

behavior, and defective sporulation, indicating a broader role of Flp encapsulins potentially 

related to iron or redox homeostasis and myxobacterial development (75). In contrast 

to Flp systems, almost all IMEF encapsulins are encoded in spore-forming Firmicutes 

genomes lacking standard (bacterio)ferritins (36). This lack of canonical iron storage 

proteins suggests that IMEF encapsulins may represent the primary iron storage system 

of these organisms. The reason why this subset of Firmicutes relies on encapsulins instead of 

standard (bacterio)ferritins for iron storage will require further study.

Family 1 Hemerythrin and Bacterioferritin Cargos

Besides Flp and IMEF, two other ferritin-like superfamily cargo proteins have been reported, 

namely hemerythrins and bacterioferritins (18, 23). Generally, hemerythrins are known to 

bind to oxygen, nitric oxide, and potentially other volatile or reactive small molecules 

(76, 77). Hemerythrin-containing encapsulins have been shown to assemble into T1 shells, 

while hemerythrin cargo proteins alone were reported to form dimers in solution (23). 

Hemerythrin encapsulins have further been shown to offer oxidative and nitrosative stress 

protection when overexpressed in a heterologous host (23). Hemerythrin systems are likely 

involved in the sequestration or detoxification of harmful low-molecular-weight compounds. 

No experimental information is currently available regarding the recently computationally 

identified bacterioferritin cargo proteins. Bacterioferritin monomers are composed of two 

four-helix bundles and are thus structurally distinct from the other identified ferritin-like 

superfamily cargos. They generally assemble into 12-nm cages and are used by themselves 

as the main iron storage system in many bacteria (78). Further studies are needed to 

elucidate the function and underlying logic of a putative shell-within-a-shell arrangement in 

the context of iron storage.
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Family 1 Peroxidase Cargos

All Family 1 peroxidase-containing systems encode dye-decolorizing peroxidases (DyPs) 

(18). DyP-type peroxidases are heme proteins and are named for their ability to oxidize 

a broad range of anthraquinone dyes (79). They have further been shown to be able to 

break down lignin and other typical peroxidase substrates (80, 81). DyP from B. linens 
forms an overall hexameric assembly inside the B. linens T1 shell consisting of a trimer of 

dimers with D3 symmetry (82). In contrast, a recent cryo-EM study of the natively isolated 

Mycobacterium smegmatis DyP encapsulin revealed that the majority of isolated particles 

contained two DyP hexamers forming an overall twofold symmetrical dodecameric complex 

within the T1 shell (63) (Figure 5c). The encapsulin shell seems to stabilize this DyP 

dodecamer, because in its unencapsulated form, M. smegmatis DyP mainly forms hexamers. 

Encapsulin-associated DyPs have been shown to hydrolyze a number of peroxides, but 

their native substrate range is currently unknown. The general biological function of DyP 

encapsulin systems is also still speculative; however, a recent study showed that a DyP 

Family 1 system in Mycobacterium tuberculosis plays a direct role in oxidative stress 

resistance (83).

Family 1 Fusion Cytochrome Cargos

The final type of Family 1 encapsulin for which some experimental data are available is 

unusual fusion systems exclusively found in anaerobic ammonium oxidation (anammox) 

bacteria of the phylum Planctomycetes (23). They contain an N-terminal diheme cytochrome 

c fusion domain and have been shown to form T3 shells with the cytochrome c domains 

located on the shell interior (23). Their biological function has not been studied in detail; 

however, a role in detoxifying harmful intermediates produced during anammox like nitric 

oxide, hydroxylamine, or hydrazine has been proposed, as well as a role in iron storage 

inside the anammoxosome, the membrane-bound compartment enclosing all the components 

needed for anammox metabolism (23, 84).

Family 1 Targeting Peptides and Cargo Loading

In a number of instances, it was possible to obtain structural information for the TP–shell 

interaction that mediates cargo encapsulation in all nonfusion Family 1 encapsulin systems 

(Figure 5d). So far, shell-bound TPs of two T1 Flp systems (T. maritima: GGDLGIRK and 

H. ochraceum: GSLGIGSLR) and one T4 IMEF system (Q. thermotolerans: TVGSLIQ) 

could be resolved (11, 36, 61). Surprisingly, the TP in the high-resolution structure of the 

cargo-loaded M. smegmatis DyP encapsulin could not be observed, potentially hinting at 

increased flexibility or low occupancy (63). TPs are usually located at the C-terminus of 

any cargo protein and often contain a conserved single or double GSL motif followed by 

a positively charged residue (18). TPs are responsible for binding to a conserved binding 

site formed by the N-terminal helix and P-domain of Family 1 protomers during shell 

self-assembly. Protomers in pentameric (T1 and T4) and hexameric (T4) facets have been 

shown to bind TPs. The binding motifs are connected to the cargo protein via flexible linkers 

of variable length (~5–20 amino acids), often containing many glycine, alanine, and proline 

residues (18).
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Family 2 Desulfurase Cargos

The third type of biochemically distinct encapsulin system for which experimental data 

are available is Family 2A encapsulins with SufS-like cysteine desulfurases as cargo (17). 

Cysteine desulfurase activity generally entails transfer of the side chain sulfur atom of 

L-cysteine to a conserved thiol on the surface of the desulfurase itself, thus forming 

L-alanine and a persulfide intermediate as the reaction products (Figure 5a). The sulfur 

atom intermittently stored as a persulfide is then transferred to downstream acceptors, 

often containing rhodanese domains, for further distribution to various metabolic processes, 

including Fe–S cluster formation and cofactor biosynthesis (85, 86). The presence of 

rhodaneses in many Family 2A desulfurase operons may indicate that a mechanism exists 

to transfer sulfur stored as persulfides on encapsulated desulfurases across the protein 

shell for downstream sulfur utilization. In S. elongatus, the desulfurase encapsulin operon 

is upregulated upon sulfate starvation. It was experimentally confirmed that the cysteine 

desulfurase is encapsulated inside a T1 shell, which enhances catalytic activity compared 

to the unencapsulated form of the enzyme. No concrete data regarding the physiological 

role of this encapsulin system is currently available; however, roles in sulfur utilization, 

sulfur storage, or redox homeostasis have been proposed (17). Experiments with truncation 

mutants showed that the large unannotated and disordered N-terminal domain found in 

all desulfurase cargo proteins is crucial for mediating cargo encapsulation. Two potential 

targeting motifs located in this N-terminal domain have been proposed (Figure 5e). This 

represents a novel cargo-loading mechanism for encapsulin systems, distinct from the C-

terminal TP-based cargo loading observed for Family 1 encapsulins.

Family 2 Terpene Cyclase, Polyprenyl Transferase, and Xylulose Kinase Cargos

In addition to Family 2 desulfurase operons, a variety of other putative Family 2 cargo types 

have recently been computationally identified (18). This includes many different terpene 

cyclase, polyprenyl transferase, and xylulose kinase systems (Table 1). Terpene cyclase and 

polyprenyl transferase operons have been suggested to play a role in the biosynthesis and 

regulation of cyclic and linear isoprenoid natural products—including 2-methylisoborneol 

and geosmin—while xylulose kinase systems may be involved in xylose utilization. Similar 

to desulfurase cargos, Family 2–associated terpene cyclases and polyprenyl transferases 

contain large unannotated and disordered N termini, potentially harboring conserved motifs 

important for mediating cargo encapsulation (Figure 5e). In contrast, putative xylulose 

kinase cargo proteins do not contain any obviously conserved targeting domains or motifs. 

Further studies will be needed to explore the biochemical and physiological functions of 

Family 2 encapsulins.

Family 3

Family 3 encapsulin systems were recently identified as part of a large-scale computational 

study and are characterized by a putative HK97-fold shell protein located within different 

types of small-molecule biosynthetic gene clusters (18). No experimental data on the 

structure or biochemistry of Family 3 encapsulins are currently available. However, a 

Myxococcus gene cluster encoding a Family 3 encapsulin has recently been shown 

to produce a variety of chlorinated 6-chloromethyl-5-methoxypipecolic acid–containing 
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peptide natural products dubbed chloromyxamides (87) (Figure 6a). One theme of many 

of the identified Family 3 systems is that they often contain genes for sulfotransferases and 

short-chain dehydrogenases, potentially indicating that the resulting natural products may 

contain sulfated hydroxyl groups generated through the successive action of these enzymes 

(88) (Figure 6b). Other Family 3 operons encode amino group carrier proteins or large genes 

coding for nonribosomal peptide synthetases and polyketide synthases (89) (Figure 6c). The 

diversity of genome neighborhoods surrounding Family 3 encapsulin genes suggests that 

Family 3 operons are capable of producing a structurally diverse set of natural products. 

Some of the enzymes encoded in Family 3 operons contain extended unannotated and 

possibly disordered N- or C-terminal regions, which may indicate that some of them do 

represent cargo proteins with a cargo-loading mechanism reminiscent of Family 2 systems. 

Active encapsulation of certain biosynthetic enzymes may allow Family 3 encapsulins to 

sequester reactive aldehyde or ketone intermediates—potentially generated by short-chain 

dehydrogenases/reductases—thus preventing aldehyde toxicity and unwanted side reactions. 

Similar molecular logic has been reported in bacterial microcompartments (90).

Family 4

In archaea, Family 4 encapsulin systems consist of a truncated HK97-fold protein and one 

of four conserved enzymatic components encoded in the same operon (18). No Family 

4 system has been experimentally characterized. The four types of enzymes are: [NiFe] 

sulfhydrogenase (four subunits: α, β, γ, and δ), osmotically inducible protein C (OsmC), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and deoxyribose-phosphate aldolase 

(DeoC). These types of enzymes are known from various contexts to be involved in a 

broad range of biochemistries and physiological processes in archaea, including hydrogen 

utilization and energy metabolism ([NiFe] sulfhydrogenase) (91-96), organic hydroperoxide 

detoxification (OsmC) (97, 98), glycolysis and gluconeogenesis (GAPDH) (99-108), and 

nucleoside/nucleotide utilization (DeoC) (109-115). None of the Family 4–associated 

enzymatic components contain any obvious unannotated or disordered regions, suggesting 

a different mode of complex formation with the HK97 component compared with those 

in Family 1 and 2 systems. By analogy to all other known HK97-fold proteins, Family 

4 encapsulins likely act as structural proteins and form heteromeric complexes with the 

respective coregulated enzymatic components. This is supported by a proteomics study in 

P. furiosus showing that GAPDH and the Family 4 encapsulin encoded in the same operon 

can form a stable complex (92). The form of this interaction and the general assembly state 

of Family 4 encapsulins is currently unknown. Family 4 encapsulins might stabilize the 

respective enzymatic components through close association, acting as specialized molecular 

chaperones (116, 117) and leading to increased thermal stability, increased resistance against 

oxidative stress, and a prolonged lifetime of the associated enzyme.

To summarize, proposed encapsulin functions include roles as reaction spaces for 

various anabolic (Family 2 and 3) and catabolic (Family 1 and 2) processes, storage 

compartments (Family 1 and 2), and enzyme regulatory systems (Family 2 and 4) as 

well as chaperones (Family 4). This remarkable breadth of function arises through the 

combination of a self-assembling protein shell—resulting in compartmentalized spaces with 

defined microenvironments and control over molecular flux—and a dedicated and modular 
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cargo encapsulation mechanism. Future studies aimed at further elucidating structural and 

mechanistic details as well as the physiological roles of encapsulins will be needed to truly 

capture their functional diversity.

BIOMEDICAL AND AGRICULTURAL RELEVANCE

Encapsulins are found in the genomes of a wide variety of important Gram-negative 

and Gram-positive pathogens as well as many commensals of the human microbiota 

(18). For instance, Family 1 and 2 encapsulin systems encoding Flp, peroxidase, and 

desulfurase cargos are found in pathogenic Escherichia coli, Klebsiella pneumoniae, and 

Acinetobacter baumannii, all part of the highly virulent and antibiotic-resistant ESKAPE 

group of pathogens that is responsible for the majority of severe hospital-acquired infections 

worldwide (118). No specific information about the physiological functions of these systems 

within the respective pathogens or their roles during infection is currently available.

Encapsulins are also widely distributed in Mycobacteria, including various M. tuberculosis, 
M. leprae, and M. avium strains, the causative agents of tuberculosis, leprosy, and a variety 

of nontuberculous diseases, respectively (119, 120). In particular, peroxidase-containing 

Family 1 systems are found in many M. tuberculosis strains, while nontuberculous 

Mycobacteria often encode Family 2A operons with desulfurase cargos. Originally, the 

Family 1 encapsulin in M. tuberculosis was identified as an immunodominant 29-kDa 

culture filtrate protein (Cfp29) acting as a T cell antigen in both mice and human patients 

(121). A transposon screen has further shown that Cfp29 is necessary for M. tuberculosis 
growth in mice (122). Recently, a direct link between the oxidative stress resistance of M. 
tuberculosis during infection and the Cfp29 system has been reported, which represents the 

first direct evidence for the involvement of encapsulins in pathogenicity and virulence (83). 

It was shown both that peroxidase-loaded Cfp29 increases the resistance of M. tuberculosis 
to hydrogen peroxide treatment and that Cfp29 mutants show attenuated survival in 

macrophages while also being more susceptible to antibiotic exposure (83). The M. leprae 
Family 2A encapsulin system was initially misannotated as a membrane protein (MMPI). 

MMPI was shown to elicit a gamma interferon–secreting T cell proliferative response in 

leprosy patients (123). Because MMPI represents a dominant M. leprae antigen, its potential 

application in diagnostic tests or vaccines for leprosy was proposed (123). MMPI was 

also studied in the context of the pathogenic M. avium complex, specifically M. avium 
subsp. paratuberculosis (MAP), a nontuberculous mycobacterium that can cause severe 

lung disease in immunocompromised patients. MAP is also the causative agent of Johne’s 

disease (paratuberculosis) in ruminants and the suspected causative agent in human Crohn’s 

disease and rheumatoid arthritis (124, 125). MMPI was found to play a role in the invasion 

of bovine epithelial cells (126), to induce apoptosis in murine macrophages by targeting 

mitochondria (127), and to represent one of the immunodominant antigens in ruminant 

infections (128-131), which led to efforts aimed at using MMPI for the diagnosis and control 

of paratuberculosis in cattle (132, 133). Further, MMPI has shown promise as an attenuated 

ruminant paratuberculosis vaccine candidate (134, 135). All but one of these studies were 

carried out without knowing that encapsulins represent protein nanocompartments loaded 

with enzymatic cargo. Consequently, almost no details about the molecular mechanisms and 

precise roles different encapsulins play during infections are currently available.
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Many Family 1 Flp and Family 2 desulfurase systems are found in Burkholderia species, 

including the pathogens Burkholderia cepacia (pulmonary infections and cystic fibrosis) 

and Burkholderia pseudomallei (melioidosis) (136), while Nocardia spp. (nocardiosis), 

Clostridium spp. (colitis, botulism, and gangrene), and Bordetella spp. (whooping cough) 

encode Family 1 peroxidase and Flp systems (137, 138). None of these systems have so far 

been studied.

Pathogenencoded encapsulins are likely involved in stress resistance—as has been 

confirmed for M. tuberculosis—or nutrient utilization and storage. Both of these broad 

functional categories are often important for host invasion and proliferation in the 

hostile environments encountered by pathogens during infections (139-141). Specialized 

encapsulin-based nutrient utilization systems—specifically for the scarce and essential 

elements iron (Family 1 Flp systems) and sulfur (Family 2 desulfurase systems)—may 

be able to increase pathogen fitness and survival, similar to the importance of bacterial 

microcompartment-based nutrient utilization systems for the virulence and adaptability of 

Salmonella typhimurium (food poisoning), Enterococcus faecalis (nosocomial infections), 

and Clostridium difficile (colitis) (142-144).

Future efforts to characterize pathogen-associated encapsulin systems may yield novel 

targets for therapeutic intervention. The fact that many encapsulin systems seem to be 

nonessential but beneficial under certain environmental conditions could mean that targeting 

them may lead to an attenuation of virulence while minimizing selection pressure for 

resistance development. In the agricultural context, increased focus on elucidating the 

roles of encapsulins in livestock infections may result in novel or improved diagnostics, 

treatments, or vaccines for major ruminant diseases that cause substantial economic losses 

every year (145, 146).
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Figure 1. 
Encapsulin assembly and classification. (a) Representative cryogenic electron micrographs 

of differently sized encapsulin shells: T1, Thermotoga maritima; T1 + cargo, Acinetobacter 
sp. 1289694; T3, Kuenenia stuttgartiensis, and T4, Quasibacillus thermotolerans. (b) 

Schematic outlining concurrent Family 1 encapsulin cargo loading and shell self-assembly. 

(c) Four-family classification scheme for encapsulins based on sequence similarity and 

genome neighborhood analysis. Question marks indicate experimentally unconfirmed 

cargo proteins or enzymatic components. Abbreviations: cNMP, cyclic nucleotide; Enc, 

encapsulin.
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Figure 2. 
Phylogenetic distribution of encapsulins. (a) Phylogenetic tree based on 108 of the major 

bacterial and archaeal phyla (147). Encapsulin-containing phyla are highlighted in blue. 

Different encapsulin families present in any given phylum are shown with differently 

colored dots, as detailed in the key. (b) A list of encapsulin-containing phyla. Values in 

the Count column give the number of identified encapsulin operons and the total number 

of proteomes available in UniProt for any given phylum (number of identified systems/

number of UniProt proteomes). Phyla colored red indicate new, uncultured, or unclassified 

organisms not shown in the phylogenetic tree. [Ca. Modulibacteria has been proposed as a 

CP but is not annotated as such in UniProt (148).] Abbreviations: CP, candidate phylum; 

Ca., Candidatus; UniProt, Universal Protein Resource.
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Figure 3. 
Phylogenetic analysis and structural comparison of HK97-fold proteins. (a) Phylogenetic 

tree of Pfam clan CL0373. Branches are colored based on Bootstrap values. Representative 

protomer structures are shown with their respective Pfam family designations. (b) Structural 

comparison of CL0373 members using the DALI server (149). (Left) Dendrogram and 

(right) heat map based on pairwise Z score comparisons. Pfam families are colored as in 

panel a. Abbreviations: Enc, encapsulin; Pfam, protein family.
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Figure 4. 
Structure and function of the encapsulin shell. (a, left) Family 1 and (right) Family 2 

encapsulin protomers colored by their conserved HK97-fold domains. Protomers of Family 

1 T1 (3DKT), T3 (4PT2), and T4 (6NJ8), and Family 2 T1 (6X8M) shells are shown. 

(b) Exterior view down the fivefold symmetry axis of T1, T3, and T4 shells. Pentameric 

and hexameric facets are colored dark and light purple, respectively. The number of facets 

needed to tile a closed shell of a given triangulation number is shown. The same structures 

were used as in panel a. (c) Flavin-binding site in the Thermotoga maritima T1 shell 

(7KQ5). (Top) View down the threefold axis and (bottom) a zoomed-in view of the binding 

site. Residues within 5 Å of the flavin moiety are shown as sticks. (d) The closed and 

open states of the pentameric pores of the Haliangium ochraceum T1 shell are shown. (e) 

Comparison of a Family 4 encapsulin (2PK8) with a Family 1 pentameric facet (3DKT). 

Abbreviations: A-domain, axial domain; cNMP, cyclic nucleotide; E-loop, extended loop; 

N-helix, N-terminal helix; P-domain, peripheral domain.
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Figure 5. 
Cargo proteins and encapsulin biochemistry. (a) Overview of the three so-far partially 

characterized biochemical functions of encapsulins, namely, ferroxidase, peroxidase, and 

desulfurase activity. TPs/domains are highlighted in orange. (b) Structures of cargo proteins 

highlighting their oligomerization state. For clarity, only one TP per oligomer is shown. 

DyP-bound heme groups are shown in red. (c) DyP (Mycobacterium smegmatis) and Flp 

(Haliangium ochraceum) cargo proteins shown in their native assembly state inside cargo-

loaded T1 encapsulins. (d) Family 1 cargo-loading mechanism mediated by TP binding to 

the interior of the encapsulin shell. (Left) A pentameric facet and (right) a zoomed-in view 

on a single binding site are shown (Thermotoga maritima; 3DKT). TPs are shown in orange/

yellow. Residues within 5 Å of the TP are shown as sticks. (e) Proposed cargo-loading 

mechanism for Family 2 encapsulins. Shown are disorder plots generated by Disopred 3 

highlighting the large, disordered N-terminal regions/domains in many putative Family 2 

cargo proteins. Three examples (desulfurase, terpene cyclase, and polyprenyl transferase) 

are shown with proposed targeting motifs indicated in orange. Abbreviations: DyP, dye-
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decolorizing peroxidase; Enc, encapsulin; Flp, ferritin-like protein; IMEF, iron-mineralizing 

encapsulin-associated firmicute; MIB, methylisoborneol; TP, targeting peptide.
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Figure 6. 
Select Family 3 encapsulin operons and proposed biosynthetic pathways. (a) 

Chloromyxamide biosynthetic gene cluster and its proposed AmCP-dependent biosynthesis. 

Some of the depicted reactions may happen inside a Family 3 encapsulin, indicated by the 

dotted box. The chemical logic behind encapsulation may be the sequestration of reactive 

or toxic aldehyde/ketone or chlorination intermediates. The chlorinated CMPA building 

block is highlighted (orange). Question marks indicate uncertainty about steps as depicted. 

Abbreviations: A, ornithine cyclodeaminase; B, hybrid nonribosomal peptide synthetase/

type I polyketide synthase; CMPA, 6-chloromethyl-5-methoxypipecolic acid; D, LysW; E, 

Enc, Family 3 encapsulin; G, SAM-dependent methyltransferase; H, rubber oxygenase A; 

J, enoyl-CoA hydratase; K, TetR/AcrR family transcriptional regulator; L, NADP-dependent 

oxidoreductase; M, AMP-dependent synthetase; N, acyl-CoA dehydrogenase; O, acyl-CoA 

dehydrogenase; P, acetyl-CoA acetyltransferase; Q, acyl-CoA dehydrogenase; R, aldehyde 

dehydrogenase. (b) Uncharacterized Family 3 gene cluster and proposed AmCP-dependent 

biosynthesis. Potentially reactive carbonyl intermediates are shown in red, while a putative 
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product is shown in orange. Abbreviations: AmCP, amino group carrier protein; Enc, Family 

3 encapsulin; LysJ-N/C, transketolase; LysK, AmCP-amino acid carboxypeptidase; LysW, 

AmCP; LysY, AmCP–amino acid phosphate reductase; LysX, amino acid–AmCP ligase; 

LysZ, AmCP–amino acid kinase; SDR, short-chain dehydrogenase/reductase; Sulfotrans., 

sulfotransferase. (c) Family 3 encapsulin embedded in an uncharacterized NRPS-dependent 

biosynthetic gene cluster. Potentially reactive carbonyl intermediates are shown in red, 

and a putative product is shown in orange. Abbreviations: A, adenylation domain; AmCP, 

amino group carrier protein; CMPA, 6-chloromethyl-5-methoxypipecolic acid; Enc, Family 

3 encapsulin; NRPS, nonribosomal peptide synthetase; R, reduction domain; SDR, short-

chain dehydrogenase/reductase; Sulfotrans., sulfotransferase; T, thiolation domain.
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Table 1

Overview of all so-far characterized and proposed encapsulin systems organized by family, cargo type, 

proposed function, number of computationally identified operons, and status (confirmed as encapsulin or not)

Family Cargo/enzyme component Proposed function

Number of 
putative

operons (18) Status

1 DyP Oxidative stress resistance 1,505 Confirmed (35, 63, 81, 150, 
151)

Flp Oxidative stress resistance/iron storage 549 Confirmed (11, 15, 16, 58, 
59, 65-67, 75, 151-154)

IMEF Iron storage/oxidative stress resistance 101 Confirmed (23, 36)

Fusion-Flp Oxidative stress resistance/iron storage 69 Confirmed (68, 69)

Hemerythrin Oxidative/nitrosative stress resistance 45 Confirmed (23)

Bacterioferritin Iron storage/oxidative stress resistance 15 Putative

Fusion-cytochrome c Anaerobic ammonium oxidation/stress 
resistance

9 Confirmed (23, 84)

2 Cysteine desulfurase Sulfur metabolism 1,480 Confirmed (17)

Terpene cyclase Isoprenoid biosynthesis 912 Putative

Polyprenyl transferase Isoprenoid biosynthesis 900 Putative

Terpene cyclase + polyprenyl 
transferase

Isoprenoid biosynthesis

Xylulose kinase Xylose utilization 124 Putative

3 Variable biosynthetic enzymes Peptide/polyketide natural product 
biosynthesis

132 Putative

4 DeoC Nucleotide utilization 32 Putative

OsmC Oxidative stress resistance 29 Putative

GAPDH Gluconeogenesis 10 Putative

[NiFe] sulfhydrogenase Hydrogen metabolism 9 Putative

Abbreviations: DeoC, deoxyribose-phosphate aldolase; DyP, dye-decolorizing peroxidase; Flp, ferritin-like protein; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; IMEF, iron-mineralizing encapsulin-associated firmicute cargo; OsmC, osmotically inducible protein C.
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