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Abstract

Enterotoxigenic Bacteroides fragilis produces a secreted metalloprotease known as B. fragilis 
toxin (BFT), which contributes to anaerobic sepsis, colitis, and colonic malignancy in mouse 

models of disease. A C11 family cysteine protease, fragipain (Fpn), directly activates BFT in the 

B. fragilis cell by removing the BFT prodomain. Fpn is itself a proenzyme and is autoactivated 

upon cleavage at an arginine residue in its activation loop. We have defined the proteolytic active 

site of Fpn, demonstrated that Fpn autoactivation can occur by an in trans loop cleavage 

mechanism, and characterized structural features of the Fpn activation loop that control peptidase 

activity against several substrates, including BFT. An arginine residue at the autocleavage site 

determines the fast activation kinetics of Fpn relative to the homologous C11 protease, PmC11, 

which is cleaved at lysine. Arginine to alanine substitution at the cleavage site ablated peptidase 

activity, as did partial truncation of the Fpn activation loop. However, complete truncation of the 

activation loop yielded an uncleaved, pro form of Fpn that was active as a peptidase against both 

Fpn and BFT substrates. Thus, Fpn can be transformed into an active peptidase in the absence of 

activation loop cleavage. This study provides insight into the mechanism of fragipain activation 

and, more generally, defines the role of the C11 activation loop in the control of peptidase activity 

and substrate specificity.
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Bacteroides spp. are the predominant anaerobes in the human gut, where they maintain a 

generally beneficial relationship with the host.1–3 However, these bacteria can escape the 

gastrointestinal tract and cause disease.1,3–8 Bacteroides fragilis is the leading cause of 

anaerobic sepsis and bacteremia in humans4–6,9 and possesses virulence factors that allow 

survival outside the host digestive tract and determine pathogenicity.1 Among the primary B. 
fragilis virulence determinants is a metalloprotease toxin known as fragilysin, or BFT, which 

is expressed by enterotoxigenic strains.10–14 BFT contributes to sepsis and pro-inflammatory 

disease within the colon by cleaving cadherin family proteins and thereby compromising 

tissue barrier integrity.15–18 BFT is synthesized as an inactive zymogen that consists of an 

N-terminal prodomain, a flexible linker, and a C-terminal catalytic domain.13 It is activated 

through cleavage of an arginine-containing site in its flexible linker11,13 by a peptidase 

known as fragipain (Fpn),18 a member of the C11 clostripain family.19–22

An X-ray crystal structure of Fpn revealed a cysteine-histidine catalytic dyad with cleavage 

specificity for Arg–Xaa bonds.18 Notably, Fpn contains its own arginine-containing cleavage 

site (R147/W148) within a flexible loop and, like clostripains23–25 and related 

proteases,22,26–29 is self-cleaving. The crystal structure of Fpn captured the protein in a 

trans-cleaved state with the loop arginine projecting into the active site of an adjacent Fpn 

molecule in the crystal lattice.18 As observed in related cysteine proteases,29–33 autocleavage 

is presumed to enhance Fpn peptidase activity by changing active site accessibility and/or 

restructuring catalytic residues. The goal of this study was to assess the trans autocleavage 

mechanism suggested by the Fpn crystal structure and to characterize the role of the 

cleavage loop in control of Fpn peptidase activity.

We expressed and purified a set of Fpn loop and active site mutants and evaluated their 

autopeptidase activities and their ability to process BFT. We demonstrate that an intact Cys-

His active site is required for autocleavage and BFT cleavage, and that Fpn can cut itself in 
trans. Substitution of arginine with lysine at the Fpn cleavage site reduced autopeptidase 

activity, while arginine to alanine substitution ablated Fpn autocleavage and BFT processing. 

Truncating the Fpn cleavage loop by five residues resulted in a total loss of peptidase 

activity, while complete removal of this same loop yielded an enzyme that was uncleaved yet 

active as a peptidase against Fpn and BFT substrates. Thus, loop removal results in a pro 

form of Fpn that is enzymatically active, albeit less active than wild-type Fpn. Our data 

provide evidence of a model in which the Fpn cleavage loop functions to regulate peptidase 

activity both by steric occlusion of the Fpn active site and by controlling the active site 

conformation.
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MATERIALS AND METHODS

Recombinant Expression Plasmids

Strains expressing wild-type Fpn, FpnH135A+C180A, and BFT have been described 

previously.18 Primers used to introduce deletions and produce FpnR147K, FpnR147A, FpnLΔ5, 

FpnLΔ7, and FpnLΔ7+R147A mutant proteins are listed in Table S1. pET-upstream and T7-

term primers were used to amplify the different inserts, and the pET28-fpn plasmid was used 

as a template. The 19 N-terminal amino acids of Fpn, corresponding to the lipoprotein signal 

sequence, were absent from the tagged recombinant proteins. After purification, the different 

polymerase chain reaction products were digested with NcoI–NotI restriction enzymes and 

ligated into the pET28c expression plasmid (KanR). Plasmids were then transformed into 

Escherichia coli Top10. After sequencing, plasmids with the different inserts were purified 

and transformed into the E. coli Rosetta (DE3) pLysS strain for protein expression (see 

Table S2 for strain information).

Protein Expression and Purification

A 50 mL overnight Luria broth (LB, Fisher Scientific) culture inoculated with the protein 

expression strains (see Table S2 for strain information) was used to inoculate 300 mL of LB 

medium supplemented with the appropriate antibiotics. Overexpression of C-terminally His-

tagged Fpn and BFT proteins was induced at an OD600 of ~0.8 (37 °C, 220 rpm) by adding 1 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG, GoldBio). After being induced for 5 h, 

cells were harvested by centrifugation at 11000g for 20 min at 4 °C. Cell pellets were 

resuspended in 10 mL of 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 10 mM imidazole 

buffer supplemented with 5 µg/mL DNase I. Cells were disrupted by one passage in a 

microfluidizer (Microfluidics LV1). The resulting cell lysate was clarified by centrifugation 

at 39000g for 20 min at 4 °C.

Purification of His-tagged proteins was performed using nickel affinity chromatography 

(NTA resin, GE Healthcare). After the clarified lysate samples had been bound to the 

column, three washing steps were performed using 10, 75, and 200 mM imidazole Tris-NaCl 

buffers followed by elution with 500 mM imidazole Tris-NaCl buffer. All purification steps 

were performed at 4 °C. The protein purity of the different samples was assessed with a 14% 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gel stained with 

Coomassie Blue. For every construct, protein concentrations were estimated by UV 

absorption spectroscopy (280 nm) using a NanoDrop 1000 spectrophotometer (Thermo 

Scientific).

Protease Cleavage Assays

After purification, the different Fpn mutant proteins as well as BFT were dialyzed overnight 

against a Tris-NaCl buffer containing 10 mM Tris (pH 7.4) and 150 mM NaCl. To assess 

peptidase digestion patterns, 5 µL of the different Fpn mutant proteins (at 20 µM) was mixed 

with 5 µL of wild-type Fpn or FpnH135A+C180A proteins (at 20 µM) or with 5 µL of the BFT 

toxin (at 20 µM). These 10 µL reaction mixtures were then incubated at 37 °C for 45 min. 

After incubation, 5 µL of SDS–PAGE loading buffer was added to the reaction mixture and 
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boiled for 2 min at 95 °C. These 15 µL samples were then completely loaded on a 14% 

SDS–PAGE gel, resolved, and Coomassie stained.

Nα-Benzoyl-L-arginine Ethyl Ester (BAEE) Assay

One milliliter of phosphate buffer [67 mM NaH2PO4 (pH 7.5)] containing 200 nM wild-type 

or mutant Fpn proteins was mixed with 1.25 mM BAEE. The absorbance at 253 nm was 

measured using a UV–vis spectrophotometer (Shimadzu UV-1650pc) and a quartz cuvette. 

Experiments were conducted in triplicate.

Protease Kinetic Assay

After purification and dialysis, 100 µL of a solution containing 5 µM wild-type Fpn or 

FpnLΔ7+R147A and 5 µM BFT or FpnH135+C180A was incubated at 37 °C. Aliquots (10 µL) 

were taken at regular time intervals, mixed with 5 µL of SDS–PAGE loading buffer, and 

boiled for 2 min at 95 °C. The 15 µL samples were then loaded and resolved on a 14% SDS–

PAGE gel and Coomassie stained. After destaining, intensities of the bands corresponding to 

cleaved BFT or FpnH135+C180A were quantified using ImageJ34 and converted into a percent 

cleaved value. Data were plotted and fitted using Prism. Digestion kinetic assays were 

conducted in triplicate with three independent purifications of each protein.

Generation of B. fragilis Strains

To introduce fpn mutant alleles into a Δfpn B. fragilis strain, the replicating pAH2 plasmid 

(CliR) was used (gift of A. Hecht); cloning details were previously described.18

Western Blot Analysis

Preparation of B. fragilis cell lysates and supernatants for Western blot analysis was 

performed as previously described,18 using the following primary and secondary antibodies: 

α-Fpn rabbit polyclonal antisera (1:2500), α-BFT rabbit polyclonal antisera (1:2000), α-

RpoA (1:20000), and α-rabbit Alexa Fluor 680.

Protein Structure Alignments

Structural alignments and root-mean-square deviation (rmsd) calculations were performed 

using PyMOL (PyMOL Molecular Graphics System, version 1.7.4, Schrödinger, LLC). 

Residue substitutions in the Fpn active site were performed using Coot.35

RESULTS

The Cysteine Protease Fpn Can Autocleave in Trans

In a previous study,18 we crystallized and determined the structure of the Fpn cysteine 

protease [Protein Data Bank (PDB) entry 5DYN (http://dx.doi.org/10.15785/SBGRID/225)]. 

This structure uniquely captured the active site bound to the cleaved loop of an adjacent Fpn 

molecule in trans (Figure 1A). The site of Fpn autocleavage is contained in a flexible loop 

region of eight residues that connect β-strand 6 to β-strand 7. Within β-strand 6 is a histidine 

residue (H135) that forms the protein active site with a proximal cysteine (C180) (Figure 

1A,B). The structure of Fpn is similar to that of the clostripain-like protein PmC11 of 
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Parabacteroides merdae,36 which has an identical fold, and a closely related active site and 

loop cleavage site (Figure 1C). Though PmC11 and Fpn have a low level of structural 

homology to cysteine proteases such as legumain (PDB entry 4AW9),30 caspase-3 (PDB 

entry 1NMS),37 and gingipain (PDB entry 4RBM),38 the active sites are related (Figure 1C). 

However, cleavable activation loops are not present at equivalent positions in these 

proteases. This suggests that the activation loop present in the C11 peptidases Fpn and 

PmC11 may serve a unique structural role in controlling peptidase activity.

The Fpn crystal structure provided evidence of a model in which the loop is cut in trans. To 

test this model, we first generated and purified Fpn active site mutant protein 

(FpnH135A+C180A). Purified FpnH135A+C180A resolved as a single polypeptide by SDS–

PAGE, confirming that this mutant has no autocleavage activity (Figure 1D). Wild-type Fpn 

resolved as two bands (at ≈14 and 28 kDa), consistent with autocleavage at a single site. It 

was not known whether wild-type Fpn autocleaves in cis, in trans, or both. As such, we 

tested whether wild-type Fpn could cut FpnH135A+C180A in trans. We mixed the two 

proteins, incubated them for 45 min at 37 °C, and resolved the mixture by SDS–PAGE. The 

high-molecular weight band at ≈42 kDa corresponding to uncleaved and inactive 

FpnH135A+C180A disappeared, and we observed only the two cut bands on a gel (Figure 1D). 

This provides evidence that FpnH135A+C180A is cut by wild-type Fpn in trans and supports 

the trans-cleavage activation mechanism evidenced by our crystal structure. We further 

tested the concentration dependence of this cleavage reaction by mixing 5 µL of inactive 

FpnH135A+C180A (20 µM) with 5 µL of wild-type Fpn at various concentrations (from 20 to 

0.01 µM). After being incubated at 37 °C for 5 min, samples were resolved by SDS–PAGE. 

Cleavage of FpnH135A+C180A by wild-type Fpn is concentration-dependent; 0.125 µM wild-

type Fpn was not sufficient to completely cleave FpnH135A+C180A (Figure S1).

We next tested whether Fpn activity required divalent cations as described for some cysteine 

proteases.22 We performed the same cleavage experiment between wild-type Fpn and the 

FpnH135A+C180A active site mutant in the presence of 50 mM EDTA. After incubation for 45 

min at 37 °C, the band corresponding to uncleaved FpnH135A+C180A was absent, providing 

evidence that Fpn peptidase activity does not require divalent cations (Figure 1D). This 

confirms what has been described for Parabacteroides merdae PmC11.36

Fpn and PmC11 Have Related Structures and Active Sites but Differing Autocleavage 
Kinetics

P. merdae PmC11 (PDB entry 3UWS)36 and B. fragilis Fpn (PDB entry 5DYN)18 have 35% 

identical sequences and a high degree of overall tertiary structural homology (rmsd of Cα 
coordinates = 0.81 Å) (Figure 2A). Differences in structure are evident in the cleavable loop. 

An additional loop (Q238–G254) is present in only Fpn and acts like a lid, partially covering 

the active site. In the Fpn crystal structure, the cleavable loop is eight residues long, cut, and 

unfolded and terminates at an arginine residue (R147). The corresponding loop in PmC11 is 

longer (10 amino acids) and helical and terminates at a lysine residue (K147) (Figures 1C 

and 2A,B). We tested whether substitution of R147 with lysine (as observed in PmC11) 

affects autocleavage. Like PmC11,36 FpnR147K was purified as a partially cleaved protein 

that resolved as three bands as determined by SDS–PAGE (at ≈42, 28, and 14 kDa) (Figure 
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2C). A 16 h incubation at 37 °C resulted in complete cleavage of the protein, providing 

evidence that a lysine-containing cleavage site is not as efficient a substrate as an arginine-

containing site for this class of peptidase. When we compared the ability of wild-type Fpn 

and fully processed FpnR147K mutant protein to cleave the synthetic substrate Nα-benzoyl-L-

arginine ethyl ester (BAEE), both proteins showed equivalent activities. Thus, FpnR147K has 

specifically reduced cleavage kinetics for the lysine-containing polypeptide in the cleavage 

loop but not for the small substrate BAEE (Figure 2D).

We then compared the structures of the Fpn and PmC11 active sites. Six residues differ 

between Fpn and PmC11. Only residues D52, D178, and G207 interact with the R147 side 

chain in Fpn (Figure 2E,F). In PmC11 cocrystallized with a peptide-like inhibitor (PDB 

entry 4YEC), the side chain of the terminal lysine residue interacts with D177 only (Figure 

2E). Given these structural data, substitution of R147 with lysine is predicted to result in 

fewer polar contacts with the surrounding residues present in the Fpn active site (Figure 2G). 

This may explain the difference in autocleavage kinetics between Fpn and PmC11.

Loop Cleavage Activates Fpn Peptidase

We tested whether an Fpn mutant with an intact active site but missing the arginine at the 

cleavage site (FpnR147A) would cut in trans. A cleaved protein runs as two fragments (≈14 

and 28 kDa) on a SDS–PAGE gel (Figure 3A,B). Like FpnH135A+C180A, an FpnR147A mutant 

was purified as a single polypeptide with a molecular weight of ≈42 kDa, demonstrating that 

it was uncleaved (Figure 3C). Mixing FpnR147A with FpnH135A+C180A yielded no cleaved 

product. This provides evidence that Fpn loop cleavage is a required step in activation of Fpn 

peptidase function. As a positive control, we assessed FpnH135A+C180A cleavage by wild-

type Fpn at the same time interval and observed trans cutting (Figure 3B). Wild-type Fpn 

failed to cleave FpnR147A, demonstrating that mutation of the arginine at the cleavage site 

ablates cutting by wild-type Fpn in trans (Figure 3C).

Partial Truncation of the Cleavage Loop Results in Lower in Trans Peptidase Activity

As described above, the Fpn cleavage site (R147/W148) is positioned at the end of a eight-

residue flexible loop (…WIPSPAKTR/W…). We hypothesized that this loop physically 

occludes the accessibility of the active site to the substrate. Loop cleavage may serve to 

increase active site accessibility and permit in trans peptidase activity. To test this 

hypothesis, we engineered a small loop (L) mutant from which five amino acids (ΔS142–

T146) were deleted. Purified FpnLΔ5 resolved as a single 42 kDa band by SDS–PAGE 

(Figure 3D). This protein was incapable of cleaving the FpnH135A+C180A active site mutant 

in trans and could not be cleaved by wild-type Fpn in trans (Figure 3D). Thus, removing 

these five residues of the Fpn cleavage loop either blocks accessibility of the active site or 

introduces structural constraints on Fpn that are incompatible with peptidase activity.

Complete Removal of the Fpn Cleavage Loop Yields an Enzyme That Is Active in the Pro 
Form

To further explore the functional role of the Fpn cleavage loop, we engineered an additional 

Fpn mutant with the entire loop region deleted (ΔI140–T146). On the basis of published 

cysteine protease structures, complete loop deletion should result in an active site that is 
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closer in geometry to the legumain, gingipain, or caspase-3 active sites (Figure 1C). This 

“loopless” mutant (FpnLΔ7) resolved as an uncleaved 42 kDa polypeptide by SDS–PAGE. 

Though FpnLΔ7 was evidently in the pro form, it was capable of cleaving FpnH135A+C180A in 
trans. Wild-type Fpn did not cleave loopless Fpn in trans (Figure 3E). To rule out the 

possibility that the observed peptidase activity of FpnLΔ7 was due to a small amount of 

cleaved protein present in the sample, we engineered a mutant with an alanine at the 

cleavage site. This mutant (FpnLΔ7+R147A) had the same characteristics as FpnLΔ7: it was 

purified as a single polypeptide, cleaved FpnH135A+C180A, and could not be processed by 

wild-type Fpn (Figure 3F). We conclude that complete removal of the cleavable loop of Fpn 

results in a pro form of the enzyme that is enzymatically active; i.e., FpnLΔ7 does not require 

loop cleavage for activity. A table summarizing the activity and cleavability of each Fpn 

mutant is presented in Figure 3G.

Loopless Fpn Processes the Metalloprotease Toxin BFT

In B. fragilis, a target of Fpn is the metalloprotease toxin BFT.18 Cleavage of pro-BFT by 

Fpn activates BFT, which proteolyzes E-cadherin and VE-cadherin in the mammalian host. 

We tested the ability of our different Fpn mutants to cleave pro-BFT. The primary Fpn cut 

site in BFT is located after residue R211; an alternative but minor cut site is present after 

residue R162.18 As expected, BFT was cut by wild-type Fpn, which resulted in a 17 kDa 

BFT fragment on a SDS–PAGE gel. The active site mutant protein (FpnH135A+C180A), the 

cleavage site mutant protein (FpnR147A), or the “short” deletion loop mutant protein 

(FpnLΔ5) had no observable enzymatic activity against BFT after incubation for 45 min at 

37 °C (Figure 4). However, the loopless mutant proteins (FpnLΔ7 and FpnLΔ7+R147A) cleaved 

BFT. This demonstrates that the loopless pro form mutants of Fpn can process BFT as a 

substrate (Figure 4).

Loopless Pro-Fpn Has a Peptidase Activity Lower Than That of Wild-Type Fpn

We next measured activities of the different Fpn mutants using BAEE as a substrate. As 

expected, wild-type Fpn had high activity while FpnH135A+C180A and FpnR147A were 

inactive (Figure 5A). Surprisingly, the loopless mutant, FpnLΔ7+R147A, was also unable to 

process BAEE (Figure 5A). This is inconsistent with our result showing that FpnLΔ7+R147A 

cleaves FpnH135A+C180A and BFT as substrates. We hypothesize that complete loop removal 

may have introduced some structural constraints in or near the active site that reduce activity 

against the smaller substrate, BAEE.

The absence of detectable enzymatic activity of FpnLΔ7+R147A against BAEE suggested that 

the FpnLΔ7+R147A cleavage rate of FpnH135A+C180A and BFT may be slow in comparison to 

that of the wild type. To test this hypothesis, we evaluated the FpnLΔ7+R147A cleavage rate 

using FpnH135A+C180A or BFT as the substrate. Briefly, loopless FpnLΔ7+R147A was mixed 

with FpnH135A+C180A or BFT and incubated at 37 °C. Samples were taken at different time 

points and visualized by SDS–PAGE. Intensities of cleaved FpnH135A+C180A and BFT bands 

were quantified and plotted (representative SDS–PAGE gels are shown in Figure S2). 

Compared to that of the wild type, loopless FpnLΔ7+R147A had a lower apparent activity. 

FpnLΔ7+R147A took approximately 45 min to process FpnH135A+C180A (Figure 5B) or BFT 

(Figure 5C). In comparison, wild-type Fpn processed FpnH135A+C180A (Figure 5B) or BFT 
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(Figure 5C) in approximately 5 min. Thus, loopless FpnLΔ7+R147A is less efficient at 

processing Fpn and BFT substrates.

To assess whether the activities of Fpn mutants measured in vitro reflect the activity in B. 
fragilis cells, we measured B. fragilis BFT levels by Western blotting in fpn mutant 

backgrounds. Consistent with our in vitro results, a B. fragilis strain expressing only 

uncleaved, loopless fpn (Δfpn/pAH2-fpnLΔ7) processed BFT, but with an efficiency lower 

than that of a B. fragilis Δfpn/pAH2-fpn strain. Control strains B. fragilis Δfpn and Δfpn/

pAH2-fpnH135A+C180A did not show any cleaved BFT by Western blotting (Figure S3).

DISCUSSION

Cysteine proteases are regulated in multiple ways, including interaction with protein 

inhibitors, or by inhibitory domains in cis.33,39,40 The B. fragilis cysteine protease Fpn 

contains an inhibitory loop domain that is autocleaved, which results in enzyme activation. 

We previously reported a crystal structure of a cleaved form of Fpn in which this loop 

occupies a conformation that is compatible with an in trans autocleavage mechanism.18 In 

this structure, Fpn is cut at an arginine residue that is positioned between the histidine and 

cysteine of the catalytic dyad of an adjacent molecule in the crystal lattice and forms a 

covalent bond with the cysteine side chain (Figure 1A). To the best of our knowledge, an 

equivalent configuration in a cysteine protease has only been observed in a structure of 

cathepsin L, in which the cleaved region was trapped in the active site of a neighboring 

molecule.41 Biochemical data presented in this study support a trans model of Fpn cleavage 

but do not rule out the possibility that Fpn can also autocleave in cis.

The closest homologue of Fpn in the PDB is P. merdae PmC11.36 Fpn and PmC11 are 35% 

identical at the primary structure level and exhibit a high degree of tertiary structural 

similarity (rmsd of Cα coordinates of <1 Å). A comparison of the active sites and the 

cleavage sites of these structures reveals some differences (Figure 2A,B,E) that we propose 

have important consequences in Fpn and PmC11 autocleavage kinetics. Briefly, Fpn 

expressed in a heterologous E. coli system is purified as a fully cleaved active enzyme that 

resolves as two bands by SDS–PAGE (Figures 1D and 3B), while PmC11 is purified as a 

population of cleaved and uncleaved (i.e., active and inactive, respectively) protein that is 

processed to completion after 16 h at 37 °C.36 The difference in autocleavage kinetics 

between these related proteins can be attributed to the lysine residue (K147) in the PmC11 

cleavable loop (Figure 2B). Weakened molecular interaction of K147 relative to that of R147 

(Figure 2F,G) is predicted to reduce stability of the active site–loop interaction and slow the 

cleavage reaction. This is supported by our data showing that replacement of R147 with 

lysine reduces the rate of Fpn autocleavage (Figure 2C) and by the published observation 

that PmC11 has a stronger preference for substrates containing arginine over those 

containing lysine.36 Slower autoprocessing kinetics may have some physiological 

importance in P. merdae, though the in vivo substrate of PmC11 remains undefined. P. 
merdae does not encode a homologue of BFT.

The extended loop conformation captured in the Fpn crystal structure (Figure 1A) suggests a 

minimum loop length requirement for Fpn to be cut in trans. We have shown that a loop 
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truncated by five residues cannot be cut in cis or in trans, even if the proper residue identity 

of cleavage site is intact (Figure 3D). However, complete removal of the loop results in an 

active site that more closely resembles caspases, legumain, or gingipain (Figure 1C). This 

loopless Fpn mutant has clear peptidase activity even though the enzyme remains in an 

uncleaved pro form (Figures 3E,F and 4). Together, these results suggest that the cleavage 

loop may function both to limit access to the active site and to control the conformation of 

active site residues required for peptide bond cleavage. Structures of uncleaved Fpn mutants 

will provide deeper insight into the molecular basis of loop inhibition.

In conclusion, we provide new structural insight into how the cleavable loop of C11 family 

peptidases controls activity. We demonstrate that Fpn can be activated by loop cleavage in 
trans. We successfully engineered an active pro form of Fpn, though this loopless mutant 

(FpnLΔ7+R147A) processed substrates more slowly than wild-type Fpn did (Figure 5A–C). 

We postulate that β-strands 6 and 7, which contain the catalytic dyad, are more flexible in 

the cleaved wild-type form of Fpn and can thus accommodate and process a wider range of 

substrates more efficiently than the constrained, loopless Fpn can. Nevertheless, the fact that 

we are able to produce an active version of pro-Fpn by loop removal suggests that 

modifications of the loop region may be a general approach to engineering C11 family 

cysteine proteases with variable substrate specificities and peptidase activities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
B. fragilis Fpn active site and cleavable activation loop. Residue numbering includes the 19-

amino acid predicted signal peptide present at the N-terminus of Fpn. (A) Surface 

representation of Fpn (white) with the β-strands constituting the active site colored maroon 

(PDB entry 5DYN). B. fragilis Fpn was crystallized in a cleaved form (cleavage site R147/

W148, side chains colored light blue, catalytic dyad H135 and C180, side chains colored 

orange), with the cleaved region trapped in the active site of the neighboring molecule. (B) 

Cartoon representation of the B. fragilis Fpn active site and cleavable loop. When Fpn is 

inactive, the cleavable loop is intact and inhibits the active site composed of the catalytic 

dyad, H135 and C180 (orange sticks). Fpn is activated upon cis or trans loop cleavage 

between residues R147 and W148 (blue sticks), which modifies active site accessibility. (C) 

Superposition of the active site regions of legumain (PDB entry 4AW9), caspase-3 (PDB 

entry 1NMS), gingipain (PDB entry 4RBM), PmC11 (PDB entry 3UWS), and Fpn 

structures (PDB entry 5DYN). β-Strands composing the active sites of legumain, caspase-3, 

and gingipain are shown as black loops, and the equivalent regions in PmC11 and Fpn are 

show as transparent gray and red tubes, respectively. The aligned catalytic dyad side chains 

of cysteine and histidine are shown as orange sticks. The β-turn present in legumain, 
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caspase-3, and gingipain structures and the cleaved loops present at the equivalent position 

in PmC11 and Fpn structures are highlighted. Residues forming the termini of the cleavage 

sites are annotated. (D) Wild-type Fpn trans cleavage assay, in which Fpn was incubated 

with the active site mutant FpnH135A+C180A, in the presence (+) or absence (−) of EDTA.
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Figure 2. 
Comparison of B. fragilis Fpn and P. merdae PmC11 structures. Residue numbering includes 

the 19-amino acid predicted signal peptide present at the N-terminus of Fpn. (A) Structural 

alignment of P. merdae PmC11 (PDB entry 3UWS) (gray) and B. fragilis Fpn (PDB entry 

5DYN) (maroon). Only regions of Fpn that are structurally distinct from PmC11 are 

presented. Positions of catalytic dyad residues are colored orange; positions of cleavage site 

residues are colored blue, and the active site is delimited in light green. (B) Alignment of the 

amino acid residues present in P. merdae PmC11 and B. fragilis Fpn cleavable loops. 

Numbered residues are colored black when they are present in both PmC11 and Fpn, 

maroon when they are present in only Fpn, and gray when they are present in only PmC11. 

Basic residues present at the PmC11 and Fpn cleavage sites are colored light blue. (C) 

Autocleavage of FpnR147K immediately after purification and 16 h after purification at 

37 °C. (D) BAEE cleavage assay. Cleavage of 1250 µM BAEE by 200 nM wild-type Fpn or 
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FpnR147K at 37 °C monitored at 253 nm. The experiment was conducted in triplicate; error 

bars represent standard deviations (mean ± standard deviation). (E) Alignment of residues 

present in P. merdae PmC11 and B. fragilis Fpn active sites. Numbered residues are colored 

black when they are present in both PmC11 and Fpn active sites, maroon when they are 

present in only the Fpn active site, and gray when they are present in only the PmC11 active 

site. Residues constituting the catalytic dyad are colored orange, and residues interacting 

with the arginine side chain in the Fpn structure (PDB entry 5DYN) and with the lysine side 

chain of the inhibitory peptide in the PmC11 structure (PDB entry 4YEC) are shown in 

empty maroon and black letters, respectively. (F) Polar interactions between the R147 side 

chain (blue stick) and the residues present in the Fpn active site (white sticks). (G) Model of 

the lysine side chain (blue stick) at position 147 in the Fpn active site and prediction of the 

polar interactions. Polar interactions were determined using PyMOL with a distance cutoff 

of 3.6 Å.
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Figure 3. 
Protease activity of Fpn active site and cleavage loop mutants. (A) Cartoon representation of 

the Fpn protein with the catalytic site (H135+C180) colored orange, the cleavage site (R147/

W148) colored blue, and the cleavable loop represented as a thin black line. Sizes of the 

uncleaved protein (42 kDa) and of the two cleavage products (14 and 28 kDa) are delimited. 

The N- and C-termini are annotated. (B–F) Resolution of cleaved and uncleaved products by 

14% SDS–PAGE. (B) Left lane, wild-type Fpn; middle lane, FpnH135A+C180A (active site 

mutant); right lane, FpnH135A+C180A cleaved by wild-type Fpn. (C) Left lane, FpnR147A 
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(cleavage site mutant); middle lane, FpnH135A+C180A in the presence of inactive FpnR147A; 

right lane, FpnR147A in the presence of cleaved wild-type Fpn. (D) Left lane, FpnLΔ5 (short 

deletion of the cleavable loop); middle lane, FpnH135A+C180A in the presence of FpnLΔ5; 

right lane, FpnLΔ5 in the presence of cleaved wild-type Fpn. (E) Left lane, FpnLΔ7 (full 

deletion of the cleavable loop); middle lane, FpnH135A+C180A in the presence of FpnLΔ7; 

right lane, FpnLΔ7 in the presence of cleaved wild-type Fpn. (F) Left lane, FpnLΔ7+R147A 

(full deletion of the cleavable loop and cleavage site mutant); middle lane, FpnH135A+C180A 

in the presence of active FpnLΔ7+R147A; right lane, FpnLΔ7+R147A in the presence of cleaved 

wild-type Fpn. (G) Tabulation of Fpn active site and loop mutant peptidase activity and 

cleavability (green dot for activity and/or cleavability observed, red cross for no activity 

and/or cleavability observed).
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Figure 4. 
Testing Fpn active site and loop mutants as proteases of the B. fragilis toxin, BFT. Wild-type 

Fpn cleavage of BFT results in a 17 kDa band on a SDS–PAGE gel. The active site mutant 

(FpnH135A+C180A), the cleavage site mutant (FpnR147A), and the loop mutant (FpnLΔ5) do 

not process BFT after incubation at 37 °C for 45 min. A loopless mutant of Fpn (FpnLΔ7) 

and a loopless mutant of Fpn harboring a substitution of the arginine residue at the loop 

cleavage site (FpnLΔ7+R147A) cleave BFT.
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Figure 5. 
Enzymatic activities of wild-type and mutant Fpn. (A) Absorbance at 253 nm representing 

the cleavage activities of 200 nM wild-type Fpn, FpnH135A+C180A, FpnR147A, or 

FpnLΔ7+R147A mutant proteins in the presence of 1250 µM synthetic substrate BAEE after 

incubation at 37 °C for 45 min. (B) Cleavage rate of purified FpnH135A+C180A used as a 

substrate in the presence of wild-type Fpn (gray) or FpnLΔ7+R147A (maroon). (C) Cleavage 

rate of purified BFT used as a substrate in the presence of wild-type Fpn (gray) or 

FpnLΔ7+R147A (maroon). In panels A and B, each cleavage experiment was performed three 

times; error bars represent standard deviations (SD) (mean ± SD).
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