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ABSTRACT otherwise structurally differs from the other

Clan CD cysteine peptidasea structurdly  families in the clan. These studies also revealed
related group of peptidases that include a wellordered break in the polypeptide chain at
mammalian caspasesxhibit a wide range of K147, resulting in a large conformational
important functions, along with a variety of rearrangement close to the active site.
specificities and activation mechanisms.Biochemical and kinetic anais revealed K147
However, for he clostripain family (denoted to be an intramolecular processing site at which
C11), little is currently known. Here, we cleavage is required for full activation of the
describe the first crystal structure of a Cllenzyme, suggesting an  atbhibitory
protein from the human gut bacterium, mechanism for seffreservation. PmC11 has an
Parabacteroides merdaéPmC11), determined acidic binding pocket and a preference for basic
to 1.7 A resolution. PmC11 is a monomeric substraés, and accepts both Arg and Lys
cysteine peptiase that comprises an extendedsubstrates and does not requiré*Gar activity.
caspastéike D E Dsandwichand an unusual-C Collectively, these data provide insights into the
terminal domain It shares core structural mechanism and activity of PmC11 and a detailed
elements with clan CD cysteimeptidasedut



framework for studies on C11 peptidases fronother phylogenetic kingdoms.

INTRODUCTION
As part of an ngoing project tocharacterize
Cysteine peptidases play crucial roles in theommensal bacteridn the microbiome that
virulence of bacterial and other eukaryoticinhabit the human gutthe structure ofC11
pathogensin the MEROPS peptidase database peptidase, PmC11, from Parabacteroides
(1), clan CD containsgroups (or families) of merdaewas determined usinthe JCSG HTP
cysteine peptidases that share some highlgtructural biology pipeling(11) and now has
conserved structural elemen{®). Clan CD been analysed to provide the first
families are typically described using the namestructure/function correlation for a C11
of their archetypal, or founding, member andpeptidase.
also given an identification number preceded by
a ‘C’, to denote cysteine peptidase. Whilst seven EXPERIMENTAL PROCEDURES
families (C14 is additionally split into three
subfamilies) have been described for this clan, Cloning, expression, purification
crystal structures have only been determinedrystallization and structure determinatioof
from four: legumain (C138B), caspase PmC11 were carried out using standard JCSG
(C14aj4), paracaspase (C14b(®)  (http://www.jcsg.org)protocols (11)s follows
metacaspase (C14b({8), gingipain (C25)7)
and the cysteine peptidase domain (CPD) of Cloning - Clones were generated using the
various toxins (C8@B). No structural Polymerase Incomplete Primer Extension (PIPE)
information is available for clostripain (C11), cloning method(12) The gene encoding PmC11
separase (C50) or Prbeptidase (C85). (SP5111E) was amplified by polymerase chain
reaction (PCR) fromParabacteroides merdae
Clan CD enzymes have a highly consel genomic DNA using?fuTurboDNA polymerase
His/Cys catalytic dyad andexhibit strict (Stratagene), usingRIPE primers that included
specificity for the Presidue of their substrates. sequences for the predicted 5' and 3' esldevn
However, despite these similarities, clan CDbelow). The expression vector, pSpeedET, which
forms a functionallydiversegroup of enzymes: encodes an amiA@rminal tobacco etch virus
the overall structural diversity between (and a{TEV) proteasecleavable expression and
times within)the various families provides tee  purification tag
peptidases with a wide variety of substratgMGSDKIHHHHHHENLYFQ/G), was PCR
specificitiesand activation mechanism$everal amplified with V-PIPE (Vector) primers. \PIPE
membersare initially expresseds proenzymes, and FPIPE PCR products were mixéd anneal
demonstrating selhhibition prior to full the amplified DNA fragments together.
activation(2). Escherichia  coli GeneHogs  (Invitrogen)
competent cells were transformed with tHelPE
The archetypal and arguably most notable V-PIPE mixture and dispensed on selective LB
family in the clan is that of the mammalian agar plates. The cloning junctions were confirmed
caspases (Cl14a), although clan CD members aby DNA sequencingThe plasmid encoding the
distributed throughout the entire phylogeneticfull-length protein was deposited in the
kingdom and are often required in fundamentaPSI:Biology Materials Repository at the DNASU
biological processe$2). Interestingly, little is plasmid repository (PmCD00547516)For
known about the structure or function of the Cl1structure determinatiorysing the PIPE method
proteins, despite their wide spread distributiorfor soluble protein expression, the gene segment
(1) andits archetypal member, clostripain from encoding resiues M1IN22 was deleted since
Clostridium histolyticumbeingfirst reported in these residues/ere predicted to correspond to a
the literature in 193§9). Clostripainhas been signal peptide using Signa(P3).
described as an arginispecific peptidase with
a requirement for CGa (10) and loss of an Protein Expression and Selenomethionrine

internal nonapeptide for full activatipfack of incorporaion (SeMet) — The &pression
structural information on the family appears to plasmid forthe truncate®mC1Xonstructwas
have prohibited further investigation. transformed intoE. coli GeneHogs competent

cells and grown in minimal media



supplemented withSeMet and J PY imidazole and 1 mM TCEP and washed with
kanamycinat 37 € using a GNFfermentor the same buffer. The flothrough and wash
(14). A methionine auxotrophic strain was not fractions were collected and concentrated to
required as SeMet isincorporatel via the 13.3 mg mC* using Amicon Ultral5 5K
inhibition of methionine bisynthesis(15,16) centrifugal concentrators (Millipore).

Protein expression was induced using 0.1%

(w/v) L-arabinose and the cells left to grow forCrystallisation and Data CollectiaPmC11 was

a further 3 h at 37@. At the end othecell crystallized using the nanodroplet vapour
culture, lysozyme was added to all samples to 4gliffusion  method using standard JCSG
final concentration of 250J P7and the cells crystallization protocols (11). Drops were
harvested and stored a20 &, until required. compriged of 200 nl protein solution mixed with

Primers used in this section are as follows: 200 nl crystallization solution in 9&ell sitting-
I-PIPE(forward): GURS SODWHV HTXLOLEUDWHG DJDL
CTGTACTTCCAGGGCGAGACTCCGGAAC Crydals of PmC11 were grown at 4@ in
CCCGGACAACCCGC, mother liquor consisting 00.2 M NH H £O¢,
I-PIPE (reverse): 20% HEG-3350 (JCSG Qe Sute I). Crystals
AATTAAGTCGCGTTATTCATAAACTGCC were flashcooledin liquid nitrogen using 10%
TTATACCAGCGGAC, ethylene glycol as a cryoprotectant prior to data
V-PIPE (forward): collection andinitial screening for diffraction
TAACGCGACTTAATTAACTCGTTTAAAC was carried out using the Stanford Automated
GGTCTCCAGC, Mounting system (SAM)(17) at the Stanford
V-PIPE (reverse) Synchrotron Radiation Lightsource (SSRL,
GCCCTGGAAGTACAGGTTTTCGTGATGA Menlo Park, CA).Single wavelenth anomalous
TGATGATGAT. dispesion (SAD) diffraction datawere cdlected

using a wavelength of 0.93 A, at the

Protein purificationfor crystallisation Cells Advanced Lght Source (ALS, beamline 8.2.2,
were resuspended, homogenized and lysed [Berkeley, CA) on an ADSC Quantum 315 CCD
sonication in 40 mM Tris (pH 8.0), 300 mM detector. The data weiiadexed andntegrated
NaCl, 10 mM imidazole and 1 mM Trig2- with XDS (18) and scaled using XSCALEL8).
carboxyethyl) phosphine hydrochloride (TCEP)The diffraction data were indexed in space group
(Lysis Buffer 1) containing 0.4 mM MgS@nd P2 with a = 39.11, b = 108.68, ¢ = 77.97 A and
1 R of 250 U R.* Benzonase (Sigma). The E = 94.32°. The unit cell contained two
cell lysate was then clarified by centrifugationmolecules in the asymmetric unit (ASU)
(32,500 g for 25 min at 4€) before being resulting in a solvent content of 39®¥datthews’
passed over Richelating resin equilibrated in coefficient (Vm) of 2.4 ADa").
Lysis Buffer 1 and washed in the same buffer
supplemented with 40 mM imidazole and 10% Structure  Determinatior-The =~ PmC11
(v/v) glycerol. The protein was subsequentlystiuctue was determined by theSAD method
eluted in 20 mM Tris (pH 8.0), 150 mM NacCl, using an X-ray wavelemth correspadng to the
10% (v/v) glycerol, 1 mM TCEP and 300 mM peak of the selenium K edge. Initial phases were

imidamle and the fractions containing thederived using the autoSHARP interfa¢g9),
protein pooled. which included density modification with

To remove the Hisag, PmC11 was SOLOMON (20). Good quality electron density
exchanged into 20 mM Tris (pH 8.0), 150 mMwas obtained at 1.7 Aesolution allowing an
NacCl, 30 mM imidazole and 1 mM TCEP usingihitial model to be obtainebly automagd model
a PD10 column (GE Healthcare), followed by building ~ with  ARP/WARP (21). Model
incubation with 1 mg of Histagged TEV completion and refinement were iteratively
protease per 15 mg of protein for 2 h at roonPerformed with  COOT (22) and REFMAC
temperature and  subsequent  overnight23,24)to produce a final model with aneR:
incubation at 4¢. The sample was centrifuged @Nd Re. Of 14.3% and 17.5%, respectivelihe
to remove any precipitated materi@dl3,000 g refinement included experimental phase

for 10 min at 4€) and the supernatant loadegrestraints in the form of Hendrickstuattman
onto Nf*—chelating resin equilibtad with 20 coefficients, TLS refinement with one TLS

mM Tris (pH 8.0), 150 mM NaCl, 30 mm 9roup per molecule in the ASU, and NCS
restraints.The rdinedstructure contains reidues



24-375 and 28-37r the two moleculetn the PmC1£'°* using the Quikhange Sitalirected

crystallographic ASU. Structural validaion was  Mutagenesis kit (Stratagene) as per the

carried sing the JCSQQualty Cortrol Serveé  manufacturer’s instructionssing the following

(http://smb.slac.stanford.edu/jcsg/QC/) that primers:

analyseshoth the coordinates and data using &147A mutant (forward)

variety of structural validation tools to confirm CAGAATAAGCTGGCAGCGTTCGGACAGG

the stereochemical quality of the model (ADIT ACG,

(25), MOLPROBITY (26), and WHATIF 5.0 K147A mutant (reverse)

(27) and agreement between model and dat&GTCCTGTCCGAACGCTGCCAGCTTATTC

(SGCHECK(28) and RESOLVH?29). All of the TG:

mainchain torsion angles were in the allowedC179A mutant (forward)

regions of the Ramachandran plot and the CCTGTTCGATGCCGCCTACATGGCAAGC

MolProbity overall clash score for the structure C179A mutant (reverse)

was 2.09 (within the 99 percentile for its GCTTGCCATGTAGGCGGCATCGAACAGG

resolution).The atomic coordinates and structureThe expression plasmids containing PmC11 were

factors for PmC11 have been deposited in th&ransformed intde. coliBL21 Star (DE3) and

Protein Data Bank (PDB, www.wwpdb.org) grown in LuriaBertani media containing  J

with the accession code 3UWS. Data collectionmL™kanamycin at 37 until an optical density

model and refinement statistics are reported {600 nm) of ~0.6 was reachedakabinose was

Tablel. added to a final concentration of 0.2% (w/v) and
the cells inabated overnight at 2%C.

Structural Analysis-The primary sequence Compared to the protein production for
alignment with assigned secondary structure wagrystallography, a slightly modified purification
prepared using CLUSTAL OMEGAS0) and  protocol was employed. Initially, the cells were
ALINE (31). The topology diagram was resuspended in 20 mM sodium phosphate (pH
produced with TOPDRAW(32) and all 3D 7.5), 150 mM NaCl (Lysis Buffer 2) containing
structural figures were prepared with PyM88) an EDTA-free protease inhibitor cocktail
with  the electrostatic surfa potential (cOmplete, Roche). Cells were disrupted by three
additionally calculated with APBS (18) passages (15 KPSI) through a EBteot cell
contouredat +5 kT/e.Architectural comparisons disruptor (Constant Systems) followed by
with known structures revealed that PmC11 wacentrifugation at 20,000 g for 20 min at 4°C. The
most structurally similar to caspagggingipain  supernatant was collected and isiiltered (0.2
K and legumain (PBD IDs 4hqO, 4tkx, and pn) before being applied to a 5 mL HisTrep
4awb, respectively)The statistical significance column (GE Healthcare) equilibrated in Lysis
of the structural alignment between PmC11 angyffer 2 containing 25 mM imidazole, and the
both caspas@& and gingipairK was reported to protein was eluted in the same buffer containing
be euivalent (Z-score of 9.2) with legumain 250 mM imidazole. The peak fractions were
giving a very similar result (Bcore of 9.1). Of pooled and buffer exchanged into the assay
note, the Estrand topology of the CDBomains  puffer (20 mM Tris, 150 mM NaCl, pH 8.0)
of Clostridium difficile toxin B (family C80; using a PBL0 column. When required, purified
TcdB; PDB ID 3pee) isidentical to that PmC11 was concentrated using Vivaspin 2 30 K
observed in the PmC1Esheet but the -Bcore centrifugal concentrators (Sartorius). Protein
from DaliLite was notably less at 7.6t is concentration was routinely measured using
possible that the PmC11 structure is moreBradford’'s reagent (BioRad) with a BSA
closely related tothe C80 family than other standard.
families in clan CD, andppeatto reside on the
same branch ofhe phylogenetic tree based on Fluorogenic substrate activity assaysThe
structure(2). release of the fluorescent groddC (7-Amino

4-Methyl Coumarin) from potential peptide

Protein production for biochemical assay$he substrates was used to assess the activity of
Pm@D00547516 plasmid described above wasPmC11. Peptidase activity was tested using 20
obtained from the PSI:Biology Materials pg PmC11 and 100 substrate (unless
Repositoryand used to generate a cleavage sitotherwie stated) in assay buffer to a final
mutant PmC19** and an activesite mutant reaction volume of 200 pL and all samples were



incubated (without substrate) at 37 °C for 16 Ivarious divalent cations: Mg C&*, Mn?*, Cd&",
prior to carrying out the assay. The substrate alFe€”*, Zr** and Cd". The final concentration of
plate reader were brought to 37 °C for 20 mithe salts (MgSq) CaC}, MnCl,, CoCh, FeSQ,
prior to the addition of the PmC11 and sampleZnCl,, and CuS@ was 1 mM and a control was
prepared without PmC11 were used as blanlset up without divalent ions but with addition of
(negative controls). The curves were plottel mM EGTA as the control. The assay was set up
using the blanicorrected fluorescence unitsusing 20mg PmC11, 1 mM salts, 10QM R-
against the time of acquisition (in min). TheAMC substrate and the assay buffer and
assays were carried out in black-Weéll flat- incubated at 37°C forGLh. The activity assay
bottomed phtes (Greiner). AMC fluorescencewas carried ouds describedbove.

was measured using a PHERAstar FS plateSize exclusion chromatography Affinity -
reader (BMG Labtech) with excitation andpurified PmC11 was loaded onto a HiLoad 16/60
emission wavelengths of 355 nm and of 460 nnSuperdex 200 gel filtration column (GE
respectively. Healthcare) equilibrated in the assay buffdre

To investigate the substrate specificity oapparent molecular weight of PmC11l was
PmC11, substrates-EGR-AMC, Bz-R-AMC, determined from calibration curves based on
Z-GP-AMC, Z-HGP-AMC, Ac-DEVD-AMC (all  protein standards of known molecular weights.
Bachem), BOG/LK-AMC and BOCK-AMC Auto-processing profile of PmC23Auto-
(both PeptaNova) were prepared at 100 mM iprocessag of PmC11 was evaluated by
100% DMSO. The amount of AMC (pumoles)incubating the enzyme at 37°C and removing
released was calculated by generating an AM&amples at one hour intervals for from 0 to 16
standard curve (as describg@®4) and the hours and placing intoSDS/PAGE loading
specific a&tivity of PmC11 was calculated asbuffer to stop the processing. Samples were then
pmoles of AMC released per min per mg of thanalysed on a -42% NuPAGE (Thermo
protein preparation. Fischer) Novg Bis-Tris gel run in MES buffer.

The reaction rates (Vmax) and Km values were Auto-processing cleavage site analysisTo
determined for mutants PmC¥1* and investigate whether processing is a result of intra
PmC1f'* by carrying out the activity assay ator intermolecular cleavage the PmCi%4
varying concentrationsf Bz-R-AMC between 0 mutant was incubated with increasing
and 600 pM. The blan&orrected relative concentrations of activated PmC11 (0, 0.1, 0.2,
fluorescence units were plotted against timé.5, 1, 2 and 5 ug). The final assay volume was

PLQ ZLWK ()8 7 JLYLQJ WKHO UlHane e Rréepeing vieveHincubldteld at 37°C
Km and Vmax of PmC11 and PmC1f** for 16 h in the PmC11 assay buffer. To stop the
against an RAMC substrate were determinedreaction NUPAGE sample buér was added to
from the LineweaveBurk plot as describe(B4), the protein samples and 20 yuL was analysed on
calculated using GraphPad Prism6 software. All0% NuPAGE Novex Bidris gel using MES
experiments were carried out in triplicate + SD. buffer. These studies revealed no apparent

cleavage of PmC£1** by the active enzyme at

Effectof VRPRFMK on PmC1%- To test the low concentrations of PmC11 and that only
effect of the inhibitor on the activity of PmC11,limited cleavage washserved when the ratio of
25 uM of ZVRPR-FMK (100mM stock in 100% active enzyme (PmC11: PmCi¥h was
DMSO, Enzo Life Sciences), 20 ug PmC11, 10ihcreased to ~1:10 and 1:4.
pM R-AMC substrate, 1 mM EGTA were
prepared in the assay buffer and the activity assa\RESULTS
carried out as dested above. A gethift assay,
to observe A/RPR-FMK binding to PmC11, Structure of PmCXtThe crystal structure of
was also set up using 20 pg PmC11, 25 phhe catalytically active form of PmClI&vealed
inhibitor, 1 mM EGTA in assay buffer. Thean extended caspasdike D ED sandwich
reactions were incubated at 37 °C for 20 mimrchitecture comprised of a central nsteanded
before being stopped by the addition SDS/PAGHEEsheet with an unusual @erminal domain
sample buffer. Samples were analysed by loadif@TD), starting at residue K250A single
the reaction mixture on a 10% NUPAGE Biss  cleavage was observéad the polypeptide chain
gel using MES buffer. at K147 (Figs 1A, B), where both ends of the

Effect of cations on PmQ@iThe enzyme cleavage site are fully visible and welidered
activity of PmC11 was tested in presence dh the electron density. The central nsteanded



Esheet @-B) of PmC11 consists of six were found at locations structurally homologous

parallel and three anpiarallel Estrands with
4321 H6H4.894 topology (Fig. B) and the
overall structure includes 1{helices with six
of these @— 2 and BI-[¥) closely surrounding
the Esheet in an approximately parallel
orientation Helices 1, Yand B are located on
one side of thekEsheet with 2, B and [ on
the opposite side (Fig 1A). Helix3 sits at the
end of the loop followig B (L5), just preceding
the K147 cleavage site, with both L5 ar®
pointing away from the centralesheet and
towards the CTD, which starts witli8. The
structure also includes two shdghairpins (BA—
B and BD-E) and a smallEsheet E-F),

which is formed from two distinct regions of the FRQWDLQV D | XKKMOKHH W HBYHX IR XU

sequenced EZ precedesl1 D Q Gwhile

B follows W K H EE'hairpin) in the middle of
the CTD (Fig. 1B.

The CTD of PmC11 is composed aftight
helical bundle formed from heliceB8—-04 and
includes strandsEC and B, and Ehairpin BD—
EE. The CTD sits entirelyon one side of the
enzyme interacting only witi3, », B and the
loops surrounding B. Of the interacting
secondary structure elements (SSE$h is
perhaps the most interesting. This hefiakes a

to the caspase catalytic dyad, and other clan CD
structureq2), at the Gtermin of strands 5 and
UHVSHFWLYHO\ )LJ2A). $ %

Additionally, a multiple sequence alignment of
C11 proteins revealed thaeteresiduesrealso
highly conserved (data not shown), revealing the
location of the C11 catalytic dyad.

Five of the Dhelices surrounding thd=sheet
of PmC11 @, @, B4, B and ¥) are found in
similar positions to the five structurally
conserved helices in caspases and other
members of clan CD, apart from family C&).
Other thanits more H [ W H Q-&hkeG PmC11
differs most significantly from other clan CD
members at its @rminus, where the CTD

VWUDQGY DIWHU

Auto-Processing of PmC1%Purification of
recombinant PmC11 (MW = 42.6 klpeevealed
partial processing into two cleavage products of
26.4 and 16.2 kDa, related tine observed
cleavage at K14in the crystal structurgFig.
2A). Incubaton of PmC11 at37 °C for 16 h
resulted in a fully processed enzyme that
remained as an imtamonomer when applied to
a sizeexclusion column (Fig. 2B)The single

total of eight hydrogen bonds with the CTD,cléavage site of PmC1l at K147 is found

including one salt bridge (R19D255) and is

immediately after I3, in loop L5 within the

surrounded by the CTD on one side and the maiiéntral Esheet (Figs. A, B and 24. The two
core of the enzyme on the other, acting like a€nds of the cleavage site are remarkably well

linchpin holdingboth componenttgether (Fig.
1C).
Structural

comparisons-PmC11 is, as

orderedin the crystal structure and displaced
from one another by 19.5 AFig. 2A).
Moreover, the @erminal side of the cleavage

expected, most structurally similar to othersitereside near to the catalytic dyadth A148

members of clan CWvith the top hits in aearch
of known structuredeing caspasé, gingipain

being 4.5 and 5.7 A from H133 and C179,
respectively. Consequently, it appearssiiele

K and legumain (PBD IDs 4hq0, 4tkx, andthatthe helix attached to K147[B) could be

4awb, respectively) (Tabl@). The Gterminal

responsible for steric auinhibition of PmC11

domain is unique to PmC11 within clan CD andas K147 moves to form a covalent bond with
structure comparisafor this domain alone does A148. Prior to cleavage this would limit access
not produce any hits in the PDB (DaliLite, to the active site; thus, the cleavageuld be
PDBeFold), suggesting a completely novel foldrequired for full activation of PmC1l. To
As the archetypal and arguably most wellinvestigate this possibility, two mutant forms of

studied member of clan CD, the pases were
used as the basis to investigate

the enzyme were created: PmEYY (a

the catalytically inactive mutant) and PmC1¥” (a

structure/function relationships in PmC11, withcleavagesite mutant). Initial SDEAGE and
caspasd asthe representative member. Six of western blot analysis of both mutants revealed

the centralEstrands in PmC11 (- DQG

VKDUH WKH VD P Hsixgtrasded R active RinkH (Fig2C). The PmC1

Esheet found in camses, with strands3, E

no discernible processing occurred as compared
lil47A

mutant enzyme had a markedly different

and B located on the outside of this core reaction rate (Vmax) compared WT, where
structure (2)(Fig. 1B, box). H133 and C179 the reaction velocity of PmC11 was 10 times



greater than that of PmC¥4’* (Fig. 2D). Taken and T204 with the side chains of G134, D207
together,these data reveal that PmC11 requiresnd M205 also contributing to the pocket (Fig.
processing at K147 for optimum activity. 2A). Interestingly, these residues aneregons
that are structurally similar to those involved in
To investigate whether processing is a result ofhe S binding pockets of other clan CD
intra  or intermolecular cleavage the members (shown i(R)).
PmC1£'®* mutant was incubated with
increasing concentrations of processed andSince PmC11 recognises basic substrates, the
activated PmC11. These studies revealed tha¢trapeptide inhibitorZ-VRPR-FMK was tested
there was no apparent cleavage of PMi&?1 as an enzyme inhibitor and was fouednhibit
by the active enzyme at low concentrations oboththe auteprocessing and activitgf PmC1L
PmC11 and thatonly limited cleavage was (Fig. 3A). ZVRPR-FMK was also shown to
observed when the ratio of active enzymebind to the enzymea sizeshift was observedy
(PmC11: PmC19"®) was increased to ~1:10 SDSPAGE analysis,in the larger processed
and 1:4 with complete cleavage observed at groduct of PmC11 suggesting that the inhibitor
ratio of 1:1 (Fig. E). This suggests that the bound to the active sitéFig. 3B). A structure
limited cleavage was most likely an effect of theoverlay of PmC11 with the MALTL
increasing concentration of PmCHhd intra=  paracacaspase (MALTR), in complex with Z
molecular cleavage. Collectively, these dataRPR-FMK (35), revealed thathe PmC11 dyad
suggest that a pi#orm of PmC11l is auto sits in a very similar position to that of active
inhibited by a section of L5 blocking access toMALT1-P and that N50, D177 and D207
the active site, prior to intraolecular cleavage superimposewnell with the principal MALT1-P
at K147. This cleavage subsemtly allows inhibitor binding residues (D365, D462 and
movement of the region containing K147 and thee500, respectivelyVRPR-FMK from MALT1-
active site to openpufor substrate access. P with the corresponding PmC11 residues from
the structural overlay is shown in Fig. 1@&s
Substrate  specificity of PmC13The described in(5)). D177 is located near the
autocatalytic cleavage of PmCll at K14 catalytic cystein and is conserved throughout
(sequence KLKA) demonstrates that the the C11 family suggesting it is the primary; S
enzyme accepts substrates with ligsthe R binding site residudn the structure of PmC11,
position. The substrate specificity of the enzymedd207 resideson a flexible loop pointing away
was further tested using a variety of fluorogenidrom the S1 binding pocket (Fig. 1D). However,
substrates As expected PmC11 showed no this loop has been shown to be inmpot for
activity against substrates with Pro or Asp in P substrate binding in clan C{2) and this residue
but was active towards substrates with a basicould easily rotate and be involved in substrate
residue in P, such as Benzoyl-LArg-4- binding in PmC11. Tins, N50, D177 and D207
methylcoumaryl-7amide Bz-R-AMC), are most likely responsible for the substrate
benzyloxycarbonysly-Gly-Arg-AMC (Z-  specificity of PmC11D177is highly conserved
GGRAMC) and t-ButyloxycarbonyWal-Leuw-  throughout he clan CD C11 peptidasesnd is
Lys (BOGVLK-AMC). The rate of cleavage thought to be primarily responsible for the
was ~3fold greater toward the single Arg substrate specificity of the clan CD enzymes, as
substrate BR-AMC than the othetwo (Fig. also illustrated from theproximity of these
2F) and, unexpectedly, PmC11 showed naesidues relative to the inhibitorVVRPR-FMK
activity towards BOEK-AMC. These results when PmC11 is overlayedn the MALTI1-P
confirm that PmC1l1 accepts substratestructure (Fig. 3C).
containing Arg or Lys in Pwith a possible
preference for Arg. Comparison with clostripai-Clostripain is
The catalytic dyad of PmC11 sits near thethe founding member of the C11 peptidases and
bottom of an open pocket on the surface of theontains an additionald® residues compared to
enzyme at a conserved locationtire clan CD PmC11.A multiple sequence alignment revealed
family (2). The PmC11structure reveals that thehat most of the secondary structural elements
catalytic dyad forms part of a large acidic pocketare conserved between the two enzymes,
(Fig. 2G), consistentwith a binding site for a although they are only ~23% identical (Fig 1A).
basic substrate. This pocket is lined with theNeverthelessPmC11 may be a goadodel for
potential functional side chainsof N50, D177 thecore structuref clostripain



The pimary structural alignment also shows PmC11 differs from clostripain in that is does
that the catalytic dyad in PmCL11 is structurallynot appear to require divalent cations for
conserved in clostripaif36) (Fig. 1A). Unlike  activation.

PmC11, clostripain has two cleavage sites (R181
and R190), which results in the removal a&f Several other members of clan CD require
nonapeptide, ang requirel for full activation of  processig for full activation including legumain
the enzyme (37) (highlighted in Fig. 1A). (39), gingipainR (40), MARTX-CPD (8) and
Interestingly, R190 was found to align with the effector caspases, e.g. caspagdl). To
K147 in PmC11 In addition the predicted date, the effector caspases are the only group of
primary Stbinding residue in PmC11 D177 also enzymes that require cleavage of a loop within
overlays with the residue predicted to be fie the central Esheet. This is also the case in
specifiaty determining residue in clostripain PmC11, although the cleavage loop is
(38) (D229, Figl1A). structurally different to that found in the
caspases, it follows the catalytic His (Fig.)1A

As dudies on clostripain revealed addition ofas opposed to the Cys as in the caspases.
cd" ions are requiredfor full activation the
Ca* dependency of PmCllvas examined. All other clan CD membenequiring cleavage
Surprisingly, C&* did not enhance PmC11 for full activationdo soat sites external to their
activity and, furthermorepther divalent cations, central sheetf2). The caspases and gingipdn
Mg®, Mn*, Cd*, F€*, Zr** and Cd', were have both been shown to undergo inter
necessary for PmC11 activity (Fi®D). In  molecular {rans) cleavage and legumain and
support of thesdéindings EGTA did not inhibit MARTX-CPD are reported to perform intra
PmC11 suggesting that unlike clostripain, molecular ¢is) cleavage. In addition, several
PmC11 does not require €ar othe divalent members of clan CD exhibit seffhibition,

catiors, for activity. whereby regions of the enzyme block access to
the active sit€2). Like PmC11, hese structures
DISCUSSION show preformed catalytic machinery and for a

substrate to gain access, movement /@nd
The crystal structure of PmCIibw provides, cleavage of the blocking region is required

threedimensionalinformation for a member of
the clostripain C11 family of cysteine  The structure of PmC11 gives the first insight
peptidases. The enzyme exhibits all of the keynto this class of relatively unexplored family of
structural elements of clan Cembersbut is  proteins and should allow important catalytic
unusual in that ihasa ninestranded centrakE  and substrate binding residues to be identified in
sheet with a novel ®&rminal domain. The a variety & orthologues. Indeed, insights gained
structural similarity of PmC11 with dtnearest from an analysis of the PmC11 structure
structural neighbours in the PDB is decidedlyrevealed the identity of thErypanosoma brucei
low, overlaying better with sistranded caspase PNT1 protein as a C11 cysteine peptidase with
7 than any of the other larger members of then essential role in organelle replicati4R).
clan (Table 3). The substrate specificity of The PmC11 structure should provide good
PmC11 is Arg/Lys and therystal structure basis for structural modelling and, given the
revealedan acidic pockiefor specific bindingof  importance of other clan CD enzymes, this work
suchbasic substratedn addition, the structure should also advance the exploration of these
suggested a mechanism offgahibition in both  peptidases and potentially identify new
PmC11 and clostripainand an activation biologically important substrates.
mechanism that requires ayimocessing.
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FIGURE LEGENDS

FIGURE 1. Crystal $ructure of a C11 peptidase froRarabacteroides merdadA) Primary
sequencalignment of PmC11 Uniprot ID: A7A9N3) and clostripain (Uniprot ID: PO9870)with

idertical residues hghlighted in grey shadingThe seconaly structure of PmC11from the crystal
structureis mapped onto its sequarwith the paition of the PmC11 d¢alytic dyad autoeatalytic
cleavage se (K147), and $ binding pocket Asp (D21lhighlighted by a redstar a red
downturnedriangle,and a red upturned trianglespetively. Connecting loops are colored gray,
the main -sheetis in orange, with otherstrandsin olive, .- hdices ardn blue and the nonapige
linker of clodripain that is excised upon autbeavages underlinedin red. Sequences around the
catalytic site of clostripain and PmCalign well. (B) Topology diagram of PmC11 colored as in B
except that additional (necore) -strands are in yellow. Helices found on either side of the central
-sheet are shown above anelow the sheet, respectivelyhd position of the catalytic dyad (H,
C) and the processing site (K14fehighlighted. Helices #14) and Estrands (29 and A-F) are
numbered from the ferminus. The core caspase fold is highlighted ingtlesy box. (C) Tertiary
structure of PmC11. The N and C termini (i) of PmC11 along with the cetral -sheet (1-9
hdix .5, and helices3, 11 and .3 from the Germinal domainareall labdled. Loops are
colored gay, the main -shed is in orange, wth other -strandsin yellow, and .-helices arén

blue.

FIGURE 2. Biochemicaland structural characterization of PmC(A). Ribbon representation of

the overall structure of P@11 illustrating the catalytic site, cleavage site displacememd
potential $ binding site. The overall structure of PmC11 is shown in grey, looking down into the
catalytic sitewith the catalytic dyad in red he two ends of the autolytic cleavage site (K147 and
A148, green) are displaced by 19.5 thiif black line) from one ano#n and residues in the
potential substrate binding pocket are highlighted in WlBg Size exclusion chromatography of
PmC11. PmC11 migrates as a monomer with a molecular mass around 41 kDa calaated f
protein standards of known molecular weights tiBlufractions across the major peak6)lwere
analyzed by SD®AGE on a 412 % gel in MES buffer(C) The active form of PmC11 and two
mutants PmC1%"°*(C) and PmC114"* (K) were examined by SDBAGE (lane 1) and Western
Blot analysis using ra antiHis antibody (lane 2) show that PmC11 aptocesseswhereas
mutants, PmC12"* and PmC14“"*, do not show autprocessingin vitro. (D) Cysteine
peptidase activity of PmC11. Km and Vmax of PmC11 and K147A mutant were determined by
monitoring change in the fluorescence corresponding to AMC release fr&2rABAC. Reactions
were performed in triplicate and representative values + S.D. am@nskE) Intramolecular
processing of PmC£1** by PmC11. PmC11"°* (20 pg) was incubated overnight at 37°C with
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increasing amounts of processed PmC11 and analysed on a 109%RAEES gel. Inactive
PmC1£'"**was not processed a major extenby active PnC11 until around a ratio of 1:4 (5 ug
of active PmC11). A single lane of 20 ug of active PmC1llie(lad 20) is shown for comparison.
(F) Activity of PmC11 against basic substrates. Specific activity is shownD+ f®om three
independent experiment§$G) Electrostatic surface potential of PmC11 shown in a similar
orientation as Fig. S4, where blue and red denote positively and negativelgdisangace
potential, respectivelygontouredat +5 kT/e The position of the catalytic dyad, opetential key

substrate binding residue D17&nd the ends of the cleavage site K147 and A148 are indicated

FIGURE 3. PmC11 binds and is inhibited byMRPRFMK and does not require Eafor activity.
(A) PmC11 activityis inhibited by ZVRPR-FMK. Cleavage of BR-AMC by PmC11 was
measured in a fluorometric activity assay with (+, purple) and withpted) ZVRPR-FMK. The
relative fluorescence units of AMC released are plotted against time (m8) £SD).(B) Gel
shift assay reveals thatVRPR-FMK binds to PmC11. PmC11 was incubated with (+) or without
() Z-VRPR-FMK and the samples analysed on a 10% -PBSE gel. A sizeshift can be
observed in the larger processed product of PmC11 (26.1 (DapnC1ll wih the ZVRPR-
FMK from the MALT1-parac@zagpase(MALT1-P) superimposed. A 3Btructual ovelay of Z-
VRPR-FMK from theMALT1-P complex oto PmC11. Theposition and orientation d-VRPR-
FMK was taken from superposition of the PmC11 and MALTI_P structuaesl indicatesthe
presumedacive dte of PmC11. Reidues surronding the inhilitor are labdled and represent
potertially important binding-site residues, labdled in Back and shownin an atomic
representationCarbon atoms areshownin grey, nitrogen in blue, and oxyge in red. (C) Divalent
cations do not increase the activity of PmC11. The cleavage -®-A4C by PmC11 was
measured in the presence of the catior€,®an**, Zr*, C&*, CU#*, Mg®*, F€* with EGTA as a
negative contrgland relative fluorescence measured against time (min). The additionaofscat
produced no improvement in activity of PmC11 when comparetheénpresence of EGTA,
suggesting that PmC11 does require metal ions for proteolytic acfuitthermore Ci/¥*, F&",
Zn** appear to inhibit PmC11.
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TABLE 1. Crystallographic statistics for PDB ID 3UWS.

Data collection

Wavelengh (A) 0.9793

Spacegroup P2

Unit cdl dimensions a, b,cc @ 39.11, 1088, 77.97; 94.32q
Resoldionrange(A) 28.73-1.70 (¥9-1.70)
Unique reflections 70,913

Rmegeon | (%) 10.2 (49.0)

Rmeason | (%) 11.0 (52.7)

Rpim on | (%) 4.1(19.2)

I/ 3 15.6 (4.6)

Wilson B(A? 15.9
Completenss(%) 99.6 (99.8)

Multi plicity 7.3(7.5)

Model and Rdinement

Réfl edions (tdalted) 70,883/3,577
Reryst Reree (%0) 143/17.5
No. protén residues/atoms 700/5612
No. water/EDQOmadlecules 690/7
ESU taeed on Res(A) 0.095
B-values(A?)
Averageisotropic B (oveall) 20.0
Proten oveall 18.8
All main/side chains 167/20.8
Solvent/EDO 294/35.6
R.M.S deviations
Bond lengthsA ) 0.01
Bond anglef) 1.6
Ramatiandan andysis (%)
Favoured regions 97.0
Allowed regions 3.0
Odliers 0.0

Valuesin parentheses are for theghest resoldion shdl. Ryege= hkl ili(hkl) - <I(hkl)>|/ hk

i(hK): Rmeas = hklN/N-DJ2 ijlihk) - <I(hk))>|/ hki ili(hK); and and Ry, (precision-
indicatingRmerge al(L/(N-D)] il (kD) - <I(hkl 1 g Li(hkl) (43), whee N is the
multi plicity of reflection hkl, and j(hkl) and<I(hkl)> arethe intesity of theith measurement and
the aveage intersity of refledion hK, regectively (44). Reystand Rree= | ~ Fobs Feaic_ ~ Fops_
for refledionsin the working and t& sds respetively, where Fops and kdc arethe observed
and calalatedstructurefactor ampitudes, respetively. Rfree is the same as djst but for 5% of
the tdal reflections chosen atatndom and omitted froratructural refinemen. ESUis the estimated
stendard uncetainties of atoms and the \@rage isotroc B includes TLS and sidual B
componets.
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TABLE 2. Summary ofPDBeFOLD (45) superposition of structures found to be most similar to
PmC11 in the PBased omaliLite (46). Theresultsare ordered in terms of structural homology
(Qu), where %SSE™ is the percentage of the SSEs in the PmC11 that can be identified in the
target X (where X=Caspade(47),Legumain(3) Gingipain(48), and TcdBCPD (49) %SSE " is

the percentage of SSEs in X (as above) that can be identified in PmC11 (@ &b&eq. ID is

the percentage sequence identifyer structural alignment; dn is the number of matched

residues and RMSD is the root mean squared deviation on Ehpo€itions of the matched
residues.

Enzyme Family | PDBID | Q" | Z-score | %SSE™™ | %SSE™ | %Seq.ID | Nyg | RMSD (A) | Neyass
PmC11 €11 |3UWS | 1.00 | 334 100 100 100 352 0.00 9
Caspase-7 | C14A [4HQD | 016 | 43 38 79 14 162 3.27 6
legumain | C13  [4AW9 | 013 | 55 31 53 13 161 2.05 6
TedB-CPD | C80 | 3PEE 010 | 49 28 50 12 138 3.18 9
Gingipain | C25 | 4TKX 007 | 54 28 27 12 153 2.97 10
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Standard calibration curve
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