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Summary

Bacteroides fragilis causes the majority of anaerobic infections in humans. The presence of a
pathogenicity island in the genome discriminates pathogenic and commensal B. fragilis strains.
The island encodes metalloproteinase 11 (MPII), a potential virulence protein, and one of three
homologous fragilysin isozymes (FRA,; also termed B. fragilistoxin or BFT). Here, we report
biochemical data on the structural-functional characteristics of the B. fragilis pathogenicity island
proteases by reporting the crystal structure of MPII at 2.13 A resolution combined with detailed
characterization of the cleavage preferences of MPII and FRAS3 (as a representative of the FRA
isoforms) identified using a high-throughput peptide cleavage assay with 18,583 substrate
peptides. We suggest that the evolution of the MPII catalytic domain can be traced to human and
archaebacterial proteinases, while the prodomain fold is a feature specific to MPIl and FRA. We
conclude that the catalytic domain of both MPIl and FRA3 evolved differently relative to the
prodomain, and that the prodomain evolved specifically to fit the B. fragilis pathogenicity.
Overall, our data provide insights into the evolution of cleavage specificity and activation
mechanisms in the virulent metalloproteinases.

Introduction

The gram-negative, anaerobic Bacteroides is one of the most prominent genera of the human
microbiome. Commensal B. fragilis strains are critical to systemic and mucosal immunity
and host nutrition [1]. However, pathogenic B. fragilis strains cause over 80% of anaerobic
infections [2]. The presence of the 6-kb pathogenicity “islet” discriminates enterotoxigenic
from commensal B. fragilis strains. There is a consensus that secretory metalloproteinases
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are virulence factors in B. fragilis [3]. In B. fragilis, a single pathogenicity island contains
two distinct metalloproteinase genes coding for MPI1 and FRA (also called B. fragilis toxin
or BFT) [4-6]. FRAs exist in three homologous isoforms (FRAL, 2 and 3) with sequence
identities of over 95%, while the sequence identity between FRAs and MPII is ~25%. Both
FRA and MPII are secretory metalloproteinases with a zinc-binding HEXXHXXGXXH
motif and a characteristic Met-turn [7].

Currently, there is valuable structural and functional information for FRAs [6, 8-11]. The
crystal structure of FRA3 was recently reported [12]. The FRA3 catalytic domain has a
classic “metzincin” fold typical of eukaryotic matrix metalloproteases (MMPs) [7, 12], but
the large N-terminal prodomain of FRA3 is unrelated to any known folds. The only in vivo
demonstrated substrate of FRAs is E-cadherin, a key component of cell-cell contacts [13].
By cleaving E-cadherin, FRAs (either alone or in collaboration with other proteinases)
ultimately weaken cell-to-cell contacts, enabling B. fragilis to penetrate the intestinal
epithelium, where the bacterium’s polysaccharide capsule causes abscesses and
inflammation within the tissue. The structural-functional characteristics of MPII, on the
other hand, are barely known [14]. This information would aid in the identification of
cleavage targets, thus helping to decipher the molecular effects of MPII and FRA proteolysis
on host cells. Furthermore, this knowledge will help to establish how B. fragilis infection
sets off multiple gastrointestinal pathologies and increases cancer risk, and how to design a
therapeutic means to fight the disease.

This study provides biochemical data on the structural-functional characteristics of the B.
fragilis pathogenicity island proteases by reporting the crystal structure of MPII at 2.13 A
resolution combined with detailed characterization of the cleavage preferences of MPII and
FRAS.

Crystal structure of MPII

The crystal structure of FRA3 was recently reported [12]. Here, we solved the crystal
structure of the catalytically inactive E352A MPII zymogen mutant. In the mutant, Ala
substituted for the catalytically essential Glu-352 active site residue. To facilitate protein
crystallization, we purified the catalytically inactive MPII-E352A-T construct with the N-
terminal Hisx6 tag followed by the thrombin cleavage sequence. The N-terminal tag was
then cleaved by thrombin proteolysis. The mutant MPII-E352A protein was separated from
the tag using size-exclusion chromatography (Figure 1).

The structure of MPII was solved using the data collected at 2.13 A on the SYBYLS
beamline at the Advanced Light Source, Berkeley. The data analysis revealed highly similar
spatial structures of MPII and FRA3 despite relatively low (~25%) sequence identity
between the two proteinases (Figures 2 and 3). The core 213 Ca atoms in the full-length
proenzymes of MPII and FRA3 align with RMSD = 1.35 A. The MPII zymogen consists of
the N-terminal 32-184 prodomain and the C-terminal 217-396 catalytic domain connected
by a 185-216 linker. The 186-195 residues of the linker run in the active site in a reverse
orientation relative to the peptide substrate. This orientation of the linker prevents its
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cleavage by the preformed protease active site. The disordered 198-213 linker region had
insufficient electron density for structural determination. Low electron density was also
observed in the corresponding region of the FRA3 crystals [12]. Because both mature MPII
and FRA3 commence at the N-terminal Ala-212, it is likely that the disordered linker state is
a prerequisite for its efficient cleavage by an additional proteinase leading to the removal of
the inhibitory prodomain. There were three additional regions in MPII with limited electron
density (Figure 2). These regions include the G1’ACADDLLHVEETAS3! sequence (in
which Gly-Alal8 was the C-terminal portion of the thrombin cleavage site and Ala-18 was
the N-terminus of the prodomain), and the disordered loops between a2 and 9, and 9 and
310 in the prodomain.

The prodomain structure and self-activation of MPIl and FRA3

The MPII prodomain exhibits an unconventional fold that is similar to that of FRA3. This
fold is a unique feature of the pro-metalloproteinases encoded by the pathogenicity island of
B. fragilis [12]. We did not identify any homologues of this prodomain in an extensive
search using the available sequence and structural homologies software. The level of
sequence and structural homology between the prodomains of MPII and FRAS is higher
than between their catalytic domains. Thus, the RMSD value of the MPII versus FRA3
individual prodomain core (~80% Ca atoms) is 0.93 A.

The crystal structure of MPII suggests that the prodomain includes the mixed parallel B1 and
(32 strands linked by an a1 helix and followed by antiparallel 3 strand. The latter is
followed by strand 4 that is a part of the domain core, which further consists of a large
twisted antiparallel B-sheet (strands p5—310). A long a2 helix connects strands 8 and 9,
while strand 10 is followed by the C-terminal helix a3. The post-a3 linker region adopts an
extended conformation, runs alongside the catalytic groove and directly interacts with the
catalytic domain active site, thereby, maintaining the proenzyme state of the MPIl zymogen
(Figures 2 and 3).

There is, however, a significant difference in the orientation of the a3 helix between MPII
and FRAS3 (Figure 3A, B). In FRA3, the a3 helix directly binds the loop connecting the a2
helix with the $9 B-strand. There is a 30° rotation of a3 helix in MPII relative to FRA3.
Because of this a3 rotation, there is no direct contact of a3 with the loop region between a2
and B9 and, as a result, this loop is disordered in MPII. Furthermore, because the C-terminus
of the a3 helix is linked to the 185-216 interdomain linker, this helix rotation significantly
changes the conformation of the linker in MPII versus FRA3. Thus, the 186-191 N-terminal
sequence of the MPII linker moves away from the $15 strand, which directly binds the
corresponding linker region in FRA3. However, in MPII the downstream Lys-Asp-Tyr 192—
194 residues assume the positions of Asn-Asp-Tyr 193-195 observed in FRA3. The
Asp-193 side chain of the MPII prodomain (Asp-194 of FRA3) interacts directly with the
active site zinc and prevents its access to the substrate. In FRA3, the downstream Ile-Lys-
Thr residues run as a parallel B-hairpin with 15 of the catalytic domain enhancing the
prodomain binding to the active site. This fold allows Tyr-191 (lle-191 in MPII) of the
FRA3 prodomain to occupy the S1’ sub-site proximal to the catalytic Zn ion.
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In turn, the presence of Pro-190 and Pro-195 in MPII abrogates several hydrogen bonds that
associate the linker with 15, moves lle-191 away from the substrate sub-site, and weakens
the association of the linker with the active site. Additionally, in FRA3 the linker is
stabilized by the C-terminal Glu-lle-Ala-Asp-Gly-Asp3¥’residue fragment. This C-terminal
fragment is absent in the MPII peptide sequence (Figure 3C). The Arg-Ala scissile bond
between the prodomain linker and the N-end of the catalytic domain better matches the
cleavage preferences of MPII rather than FRA3 (see below “Multiplex peptide cleavage
assay”). These differences, especially when combined, explain a looser association of the
prodomain with the catalytic domain in MPII relative to FRA3 and provide structural
requirements for the efficient self-activation of the MPII proenzyme [14]. Thus, the
recombinant MPII proenzyme self-activates in the course of its purification from E. coli
cells. In contrast, the rate of intermolecular self-activation of the recombinant FRA3
proenzyme is limited and the proenzyme only partially converts to the mature FRA3
protease during storage (Figure 3D).

The catalytic domain structure

The overall structure model of MPI1I shows the classical metzincin architecture with the
“upper N-terminal” and lower C-terminal” sub-domains with respect to the active site cleft
and with the catalytic zinc ion located at the bottom of the cleft. The N-terminal sub-domain
features a five-stranded p-sheet, in which B15 is antiparallel to the roughly parallel 12, p13,
14 and p16 p-strands, and two a-helices, a4 and a5. The active site a6 helix of the lower
C-terminal sub-domain exhibits the first two zinc-binding histidines, His351 and His355,
while the third zinc-binding histidine, His361, followed by the typical methionine (Met)-turn
(Asp-Leu-Met389-Tyr), is localized in the extended conformation region downstream
(Figure 2).

There are multiple homologues of the MPII catalytic domain fold, including the proteinases
of archaebacteria and bacteria and, especially, MMP and ADAM metzincins (Figure 4).
There is an unconventional a5 helix in the upper sub-domain. This helix was recorded only
in the ADAM sub-family of the metzincins and in the achaebacterial metalloproteinase
(Methanopyrus kandleri archaemetzincin).

Multiplex peptide cleavage assay

We used a high-throughput peptide-cDNA fusion-based cleavage profiling technology that
has been employed previously to determine the cleavage preferences for several proteinases
[14-17].

Here, we designed the peptide-cDNA fusions to contain a 10-residue peptide substrate
flanked by N- and C-terminal common sequences. Statements below regarding peptide
sequences refer only to the variable 10-mer portions of the peptides and disregard the
flanking constant portions. We prepared a set of 18,583 peptides for elucidating cleavage
sequence preferences of MPII and FRA3. The set included 1,643 peptides containing the
dibasic furin cleavage motif [16] as our earlier studies [14] revealed that this motif is
efficiently cleaved by MPII. We also included 1,369 peptides that were identified as the
most efficient substrates of MMPs using phage display methods [18]. Additionally, we
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designed, in silico, 13,631 peptide sequences that we expected to be cleaved efficiently by
various metalloproteinases. The design rules were derived from our bioinformatic analysis
of the 1,369 experimentally verified MMP substrates mentioned above. We used these
validated substrate sequences to identify amino acid residue types that are accepted by the
following MMPs: MMP-2, MMP-9, -MMP-14, MMP-15, MMP-16, MMP-17, MMP-24 and
MMP-25 at each of the individual P5-P5’ positions. We then used a random number
generator to create multiple peptide sequences using random combinations of the accepted
residues at each of the individual P5-P5’ positions, followed by filtering out redundant
sequences. We also used our statistical substrate specificity profiling software [19] to
exclude peptides that were predicted to be inefficient MMP substrates, resulting in a set of
13,631 sequences. Based on the specificity profiling software predictions and the crystal
structures from the Protein Data Bank (PDB) database, we included 598 peptide sequences
that were potential MMP cleavage substrates selected from secretory proteins. Finally, we
included 1,342 positive and negative controls. The positive controls included known peptide
substrates for thrombin, enterokinase, caspase-3, and West Nile and Dengue virus
proteinases. The negative controls included randomly generated sequences and other
peptides that were not cleaved by MMPs in our previous experiments.

We evaluated cleavage of the peptide set described above by FRA3 and MPII at
concentrations of 0.04, 0.4 and 4 UM. The Pearson correlation coefficient of technical
replicates was >0.9 indicating good reproducibility at all three concentrations. Higher levels
of non-specific cleavage were observed at 4 M concentration indicating a loss of
specificity, while assay sensitivity was diminished at 0.04 uM concentration (Figure 5).
Consequently, we relied mainly on the 0.4 uM proteinase cleavage data for comparing the
substrate specificity of MPII versus FRA3. The most specific substrates of MPII and FRA3,
however, were identified using the data obtained at the 0.04 uM proteinase concentration.
The dibasic peptides were more susceptible to cleavage by MPII than by FRA3 (Figure 6A).
Overall, 300 and 93 substrate sequences for MPII and FRA3 (with the median normalized
enrichment ratio values >3), respectively, were considered to be cleaved most efficiently.
We used this subset of peptides to identify the preferred cleavage sequences for both
enzymes. A direct relationship between the cleavage efficiency of MPII and FRA3 and the
amino acid sequences of their peptide substrates are illustrated in the form of sequence logos
(Figure 6B). Evidently, there is a partial overlap in the cleavage preferences of MPII and
FRA3. Our data demonstrate that dibasic residues at the P1 and P1’ positions dominate the
cleavage preference of MPII while other residue positions are much less selective. In
contrast, dibasic motifs are not a prerequisite for the efficient cleavage of the peptides by
FRAZ3. In general, our in vitro cleavage results indicate that the cleavage preferences of
FRA3 are not highly selective and that FRA3 accepts hydrophobic, hydrophilic and charged
residue types in multiple substrate positions. We selected 100 of the most specific substrates
(50 for each proteinase) and performed a supervised clustering to demonstrate that the
cleavage preferences were largely irrespective of protease concentration (Figure 7).

Structural requirements for specificity

To elucidate structural elements that guide the cleavage preferences of MPII and FRA3, we
modeled the hypothetical optimal substrates (Ace-Ala-Ala-Arg-Leu-Arg-Arg-Leu-Ala-Arg-
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Ala-NMe and Ace-Ala-Lys-Lys-Ala-Lys-Leu-Thr-Ala-Leu-Val-NMe) bound to the MPII
and FRAS3 crystal structure, respectively (Figure 6C). The long, positively charged side-
chain of Arg fits well into the tunnel-like sub-sites of MPII. In MPII, the guanidinium group
of the substrate P1’ Arg interacts with both the Leu-368 and Trp-372 carbonyls and the
nitrogen atom from the peptide bond of Tyr-373. In turn, the hydrophobic side chains of
Leu-314, Val-345 and Tyr-370 form the S1’ subsite in FRA3, which prefers Leu. The
presence of Tyr-275, Glu-276 and Glu-281 in MPII versus Asn-275, Asp-277 and Asp-281
in FRA3 explain the preference of MPII for Arg versus the preference of FRA3 for Lys at
both P1 and P3. An additional difference between the substrate binding sites is that the S2'-
S5’ subsites are positively charged (or neutral) in FRA3 and negatively charged (or neutral)
in MPII. This difference explains why MPII with Trp-372 accepts Arg and Lys at the P3’-
P4’ positions while FRA3 with Lys-369 prefers hydrophobic and negatively charged
residues.

Exemplary substrate validation

As a result of our studies, we are now able to elucidate the cleavage motifs of MPII. The
peptide cleavage data suggest that the dibasic cleavage motif of MPII is most similar to that
of furin. To test this suggestion, we co-incubated several commercially available proteins
with the dibasic motif [anthrax protective antigen-83 (PA83), the membrane type-1 matrix
metalloproteinase (MT1-MMP) proenzyme, the individual furin prodomain, butyrophilin A2
(BTN3A2) and myelin basic protein (MBP)] with MPII. Where indicated, a hydroxamate
inhibitor (GM6001) was added to the reactions to block MPII activity. In agreement with
our suggestion, anthrax PA83 treated with MP11 appeared to be cleaved at the Arg193-Lys-
Lys-Arg1 furin cleavage motif, resulting in the C-terminal PA63 and the N-terminal PA20
fragments (Figure 8A). The furin 27-107 prodomain contains two basic motifs (Val-Thr-
Lys-Arg’®|Ser’6-Leu-Ser-Pro and Arg-Leu-GIn-Arg8 | Glu®-Pro-GIn-Val) [20]. Similar to
anthrax PA83, MPII readily cleaved the furin prodomain, generating at least two digest
fragments (Figure 8B). As expected, MPII also cleaved the MT1-MMP proenzyme. As a
result of the cleavage of the Argl08-Arg-Lys-Arg11| Tyrl12 site, where Tyrl12 is the N-
terminal residue of the MT1-MMP enzyme, the mature MT1-MMP was generated. MPII
also cleaved human MBP and BTN3A2, both of which exhibit basic sequence motifs
(Figure 8C-E).

Cellular effects of MPIl and FRA3

Here, we used colon carcinoma HT-29 cells, which are known to be responsive to B. fragilis
proteinases [3, 21]. Cells were co-incubated with MPII, MPII-E352A, FRA3 and FRA3-
E349A and then observed using a microscope. Cell rounding was readily observed in cells
co-incubated with FRA3 alone but not in those co-incubated with FRA3-E349A, MPII-
E352A, or active MPII (Figure 9). These observations correlate with the findings by others
who recorded FRAS3 proteolysis of cellular E-cadherin followed by changes in cell
morphology [13]. To corroborate these observations, HT-29 cells were co-incubated with
MPII, MPII-E352A, FRA3 and FRA3-E349A alone and in combination, and then stained
with the E-cadherin and —catenin antibodies. The membrane immunoreactivity of both E-
cadherin and p-catenin was observed in the intact cells and in the samples treated with MP1I
and FRA3-E349A. In turn, the immunoreactivity of membrane E-cadherin and f—catenin
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was reduced in the cells co-incubated with FRA3. MPII did not enhance the FRA3-
dependent cleavage of E-cadherin and reduction in the f—catenin levels. The results of
Western blotting of the cell lysates directly supported our immunostaining results and
suggested that FRA3 alone cleaved E-cadherin and that this cleavage decreased the level of
cellular p—catenin. This decrease in the level of B—catenin that follows FRA3 proteolysis of
cellular E-cadherin correlates with y-secretase proteolysis of the E-cadherin cytoplasmic tail
and the subsequent liberation and proteasomal degradation of the released p-catenin [8]. In
agreement with the results of others [13, 22], we conclude that E-cadherin is susceptible to
FRA3, but not to MPII, in HT-29 cells.

There are, however, multiple potential cleavage targets of MPII in the human secretome that
are distinct from E-cadherin. Based on the peptide cleavage data, we selected over 80
soluble and membrane-associated human proteins that include an MPII cleavage site and
could, therefore, represent potential cleavage targets of MPII (Supplemental Table S2). It is
likely that the combined proteolytic action against multiple substrates, rather than the
cleavage of a single cellular substrate, constitutes the virulent function of MPII.

Discussion

Enterotoxigenic B. fragilisis the most frequent diarrhea-causing anaerobe and a risk factor
for colorectal cancer [3, 23-26]. It is likely that the role of enterotoxigenic B. fragilisin
increasing colorectal cancer risk is similar to that of Helicobacter pylori in gastric cancer
[27, 28]. The presence of a single pathogenicity island discriminates toxigenic from non-
toxigenic B. fragilis strains [29, 30]. The island encodes two distinct secretory
metalloproteinases, MPII and FRA [3]. The latter exists in three highly homologous
enterotoxigenic isoforms (FRA1, FRA2, and FRA3), which differ by only a few
substitutions [9, 10, 31, 32]. In turn, there is only ~25% peptide sequence identity between
MPII and FRAs [14]. Whereas FRAS have been the focus of studies by multiple laboratories
[reviewed by [3]], the characteristics of MPII were virtually unknown.

Here, we obtained substrate preference data for MPII and FRA3 by empirically testing
18,583 individual peptides in a highly parallel assay. Comparative analysis of our results
indicates that dibasic residues at the P1 and P1’ positions dominate the cleavage preference
of MPII. Other residue positions are less selective in this proteinase. The presence of a
dibasic motif, however, is not required for the efficient peptide cleavage by FRA3. The
presence of the P1 Arg or Lys followed by a P1” hydrophaobic residue, especially Leu,
largely suffices for FRA3. In general, our cleavage results indicate that FRA3 is not a highly
selective proteinase and that, similar to human MMPs, FRA3 tolerates the presence of
multiple hydrophobic, hydrophilic and charged residue types in multiple substrate positions.

We further concluded that MPII is capable of cleaving the basic motifs in human cellular
proteins. This aberrant proteolysis is likely to interfere with the normal ratio of those
membrane and soluble precursor proteins, which are incompletely processed by cellular
furin in normal gut epithelium. As a result, MPII proteolysis may cause an abnormal
precursor/mature protein ratio in the multiple targets of furin, leading to pathological
consequences. Multiple additional soluble and membrane proteins with the dibasic cleavage
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motif may be the cleavage targets of MPII in the gut environment. Our current observations
support our earlier suggestion that MPII appears to be the first bacterial zinc
metalloproteinase with a dibasic cleavage preference [14]. Metalloproteinases (antareases)
with similar cleavage preferences exist in the venom of predatory arthropods such as
scorpions [33, 34], thereby demonstrating a high level of versatility of metalloproteinase
proteolysis.

To increase our understanding of the enterotoxiogenic B. fragilis proteinases, we determined
the crystal structure of the MPI1 zymogen at 2.13 A resolution. To avoid self-proteolysis, we
used the catalytically inert E352A mutant in our crystallization studies. The MPII zymogen
consists of the N-terminal ~150 residue prodomain and the C-terminal catalytic domain of
~180 residues connected by a 20 residue long linker. The fold of the catalytic domain in
MPII is similar to that in FRA3. This fold is largely conserved in multiple archaebacterial,
microbial and mammalian metalloproteinases. The common architecture of the catalytic
domain, the presence of the Met-turn motif and the unconventional a5 helix in B. fragilis
MPII and FRAZ3, archaebacterial archaemetzincin and human ADAMs allow us to
hypothesize that the catalytic domain evolved to adopt a similar fold in Bacteroides,
archaebacteria and mammals. This likely optimal fold has been independently refined by
multiple metalloproteinases in multiple, evolutionally unrelated organisms. In sharp contrast
to the catalytic domain, the MPII prodomain exhibits an unconventional fold that is a unique
feature of the enzymes encoded by the pathogenicity island of B. fragilis. Overall, the data
suggest that the catalytic domain of both MPII and FRA3 evolved separately from the
prodomain.

The uniqueness of its sequence and fold suggests that the prodomain evolved specifically to
fit the B. fragilis pathogenicity. In agreement with others [35], we speculate that the
prodomain might be required for binding to specific receptor(s) in host cells and that this
receptor is distinct from E-cadherin. Studies to identify possible receptors of MPII and
FRAZ3 are currently in progress.

Materials and Methods

General reagents

The reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless indicated
otherwise. 5-FAM-SLGRKIQIQK(QXL520)-NH, substrate was acquired from AnaSpec
(Fremont, CA, USA). GM6001 (a broad-specificity hydroxamate inhibitor of MMPS) was
from EMD Millipore (Temecula, CA, USA). Anthrax PA83 was purchased from List
Biological Laboratories (Campbell, CA, USA). Murine monoclonal antibodies to f-catenin
and E-cadherin were from BD Transduction Laboratories (San Jose, CA, USA).
Recombinant human BTN3A2 was from OriGene (Rockville, MD, USA). Alexa Fluor-594
goat anti-mouse antibody and Alexa Fluor-488 phalloidin were from Life Technologies
(Santa Cruz, CA, USA). The horseradish peroxidase-conjugated donkey anti-mouse
antibody was from Jackson ImmunoResearch (West Grove, PA, USA). Human colon
carcinoma HT-29 cells were obtained from ATCC (Manassas, VA, USA) and routinely
grown in McCoy’s 5A medium supplemented with 10% fetal bovine serum and gentamicin
(10 pg/ml). The catalytically active MPII and FRA3 constructs and their catalytically
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inactive mutants (E352A and E349A, respectively) were obtained earlier [14]. Furin and its
individual prodomain were isolated as described previously [16, 20]. MBP was from
Biodesign (Saco, ME, USA). Decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone was
obtained from Bachem (Torrance, CA, USA).

Enzyme cloning, expression and purification

The catalytically inactive MPII-E352A construct comprising the N-terminal Hisx6 tag
followed by the thrombin cleavage sequence was constructed by PCR using the original
MPII-E352A Hisx6-tagged construct as a template [14], and the 5’-
CACCATGCACCATCACCATCACCATGGACTAGTACCGCGAGGAGCCTGTGCCGA
T GACCTG-3’ (thrombin cleavage sequence is underlined) and 5’-
TCACTTTTGGATGCACTCCAG-3’ oligonucleotides as the forward and reverse primers,
respectively. The resulting PCR product was re-cloned into the pET101 vector (Invitrogen,
Carlsbad, CA, USA) and used to transfect competent E.coli BL21 (DE3) Codon Plus cells
(Stratagene, Santa Clara, CA, USA). Transformed cells were grown at 30°C in Luria—
Bertani broth containing ampicillin (0.1 mg/ml). Cultures were induced with 0.6 mM IPTG
and growth was continued for an additional 16 h at 18°C. The cells were then collected by
centrifugation (5,000 x g; 15 min), re-suspended in Tris-HCI buffer, pH 8.0, containing 1 M
NaCl, and disrupted by sonication. The pellet was removed by centrifugation (40,000 x g;
30 min). The MPI1I-E352A construct was then purified from the supernatant fraction using a
NiZ*-chelating Sepharose Fast Flow column. The purified material (1.5 ml; 30 mg/ml) was
co-incubated for 18 h at 4°C with thrombin (60 U). Thrombin was next inactivated using
0.25 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride. The resulting untagged
MPII-E352A construct was purified using a Superdex S-75 High Resolution 10/30 column,
equilibrated in 25 mM HEPES buffer, pH 7.5, containing 0.1 M NaCl, and the purified
sample was concentrated using an Ultracel-10K concentrator (Millipore, Billerica, MA,
USA) to reach a 20 mg/ml concentration. The final MPI1-E352A sample was used for
crystallization.

Crystallization and structure solution

Initial screens for the identification of crystallization conditions were performed using a 96
reagent crystallization screen Index (Hampton Research, Aliso Viejo, CA, USA) and a
Phoenix robot (Art Robbins Instruments, Sunnyvale, CA, USA). MPII-E352A was
crystallized using the sitting drop vapor diffusion method. Drops (0.4 ul each) contained 0.2
ul 25 mM HEPES buffer, pH 7.5, 100 mM NaCl, 4 mM CacCl, and MPII-E352A (20 mg/
ml), and 0.2 pl crystallization buffer (20% PEG3330-0.2M MgCl,). Needle-like crystals
(0.3x0.04x0.04 mm3 in size) were observed in 10-14 days. Crystals were flash-frozen in
liquid nitrogen using 20% v/v glycerol as a cryoprotectant. Diffraction data were collected at
2.13 A resolution from the cryo-cooled crystals at 100°K on the SYBYLS beamline at the
Advance Light Source (Berkeley, CA) and processed using the HKL2000 and ccp4i
program suites [36, 37]. The structures were solved using the Phaser molecular replacement
program [38] and PDB 3P24 as a template. The model rebuilding and refinement were done
with COOT [39] and the Phenix program suite [40]. The data collection and refinement
statistics are presented in Table 1.
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Protease activity assays with FRET peptide

MPII cleavage activity assays were performed in triplicate in wells of a 96 well plate in 0.2
ml reactions containing 50 mM HEPES, pH 8.0, 1 mM CaCl,, 0.5 mM MgCl, and 10 uM
ZnCl,. The 5-FAM-SLGRKIQIQK(QXL520)-NH, substrate (AnaSpec) and enzyme
concentrations were 10 pM and 50 nM, respectively. Initial reaction velocities were
monitored continuously at A¢,=488 nm and A,;,=520 nm on a Spectramax Gemini EM
fluorescence spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).

MPII proteolysis of proteins in vitro

Anthrax PA83 (2 pg; ~1 uM) and the following purified human proteins [the furin 27-107
prodomain (1.8 pg, ~9 uM) [20], the MT1-MMP proenzyme (2 pg; ~2 uM), MBP (2 ug; ~5
uM) and BTN3A2 (2 pg; ~2.5 uM) were each co-incubated for 1 h at 37°C with increasing
concentrations of MPII in 50 mM HEPES, pH 8.0, containing 1 mM CaCl,, 0.5 mM MgCl,
and 10 uM ZnCls. As a control, PA83 and the MT1-MMP proenzyme were co-incubated for
1 h at 37°C with furin (at the 1:100-1:10,000 enzyme:substrate molar ratio) in 20 pl
reactions containing 100 mM HEPES, pH 7.5, and 1 mM CaCl,. Where indicated, GM6001
(10 uM) and decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone (50 M) were added to the
reaction to inhibit MPII and furin, respectively. The reactions were stopped by adding a
5xSDS sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis in either 4—
12% or 4-20% gradient polyacrylamide gels.

Protease treatment and immunostaining of the cells

HT-29 cells were grown on 15-mm glass coverslips. Where indicated, cells were co-
incubated for 3 h at 37°C with MPII (1 pg/ml, ~50 nM), FRA3 (0.1 pg/ml, ~5 nM), FRA3-
E349A (0.2 ug/ml, ~5 nM) or MPII-E352A (2 ug/ml, ~50 nM) individually or in
combination in serum-free McCoy’s 5A medium supplemented with 20 mM HEPES, pH 7.0
and 0.2% BSA. Cells were then fixed for 16 min with 4% paraformaldehyde, permeabilized
for 4 min using 0.1% Triton X-100 in 4% paraformaldehyde, blocked for 1 h in 10% BSA,
and stained for 16-18 h at 4°C using the murine E-cadherin and p-catenin monoclonal
antibodies (dilution 1:100 and 1:50, respectively) followed by the Alexa Fluor 594-
conjugated goat anti-mouse antibody (dilution 1:200). Cellular actin was stained using
Alexa Fluor 488-conjugated phalloidin (1 h; dilution 1:500). The slides were mounted in
Vectashield DAPI-containing medium and analyzed using an Olympus BX51 fluorescence
microscope equipped with a MagnaFire digital camera. Where indicated, cells were
observed using a bright-field microscope.

Western blotting

HT-29 cells were grown in wells of a 12-well plate and co-incubated for 3 h at 37°C with
FRAS3 (0.1-1 pg/ml, ~5-50 nM), MPII (10 pg/ml, ~500 nM) or FRA3-E349A (10 pg/ml,
~250 nM) individually or in combination in serum-free McCoy’s 5A medium. Cells were
then lysed for 1 h at 4°C using 50 mM octyl-B-D-glucopyranoside in TBS, pH 7.4,
containing 1 mM phenylmethylsulfonyl fluoride, 25 uM GM6001 and a protease inhibitor
mixture set I11. Insoluble material was removed by centrifugation (14,000xg, 15 min). The
supernatant aliquots (10 ug total protein) were analyzed by Western blotting using the
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murine E-cadherin and p-catenin monoclonal antibodies (dilution 1:2,000) followed by the
horseradish peroxidase-conjugated donkey anti-mouse antibody (dilution 1:5,000) and a
TMB/M substrate (SurModics, Eden Prairie, MN, USA).

Multiplex peptide cleavage assay and data analysis

Biotinylated peptide-cDNA pool preparation was performed as reported earlier [15]. The
template DNAs encoded 18,583 10-mer peptide substrates flanked by N-terminal (Biotin-
linker-Gly-Ala) and C-terminal (Gly-Asn-Ala-Ser-Ala-Ser-Ala-Ala-Gly-Ala-linker-DNA)
common sequences. Six biotinylated oligonucleotides were spiked into the peptide-cDNA
pool as internal standards for normalization after PCR reactions. Streptavidin-coated
magnetic beads with the immobilized peptide-cDNA pool (2 pmol total, ~0.1 fmol/peptide)
were co-incubated with MPII or FRA3 at 37°C for 30 min, in 3 pl reactions containing 50
mM HEPES, pH 6.8, 10 mM CaCl, and 10 uM ZnCl,. Reactions without the proteinases
were used as controls. To identify cleaved peptide substrates, the cDNA molecules released
by the proteinase treatment were collected, DNA adapters required for sequencing were
installed by PCR, and the obtained DNA constructs were sequenced using a MiSeq
sequencing instrument (Illumina, San Diego, CA, USA).

We treated the peptide-cDNA pool with FRA3 and MPII proteinases at 0.04, 0.4 and 4 pM
each, in triplicate. Sequencing counts for each sample were normalized using the spiked-in
internal standards. The enrichment ratio (Ratio) for each substrate in a sample was then
calculated by taking the ratio of average sequencing counts of three replicates in proteinase
samples over average counts in negative samples (buffer alone). A list of preferred peptide
substrates for each of FRA3 and MPII was determined by taking the 50 most selective
peptides with respect to the buffer controls by Student t-test (1-way) on log-transformed
median-normalized enrichment ratio data for each comparison. Following Bonferroni
correction all 100 selected peptides had p-value<0.001.

Molecular modeling

Molecular modeling of the peptide Ala-Ala-Arg-Leu-Arg-Arg-Leu-Ala-Arg-Ala complex
with MPII was initiated from the crystal structure of MPII (PDB 40N1). Molecular
modeling of the peptide Ala-Lys-Lys-Ala-Lys-Leu-Thr-Ala-Leu-Val was performed using
the FRA3 crystal structure (PDB 3P24). In these structures, the C-terminal portion of the
prodomain directly fits into the active site of MPII and FRA3. and runs in the opposite
orientation relative to the substrate. To model the peptide substrate, the Asn184-Glu1%7 and
Leul®6-val201 segments of the prodomain were deleted in silico from the MPII and FRA3
structure, respectively. The substrates were then modeled by placing the substrate's side
chain heavy atoms at the positions of the heavy atoms in the prodomain. Further
optimization of the main and side chain atoms of the substrate was performed using
molecular mechanical minimization and short molecular dynamics simulations via the
Amberl2 modeling package and FF99SB force field, and generalized-Born method for
representing solution environment implicitly [41-44]. In the our optimization procedure, the
proper orientation of the carbonyl group of the scissile bond relative to the active site Zn ion
was maintained, and acetyl and N-methyl groups for capping the N- and C-termini of the
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modeled substrate were used. The final models were displayed using PyMol
(www.pymol.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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P11l and FRAS3 constructs

Top, wild-type MPII and FRA3. SP, PRO and CAT indicate the signal peptide, prodomain,
and catalytic domain, respectively. The arrows indicate the cleavages at the prodomain
excision sites. These cleavages release the prodomain and the mature protease. Bottom, the
recombinant MPII and FRA3 constructs were tagged with the Hisx6 and FLAG tags. MPII-
E352A and FRA3-E349A, the catalytically inactive mutants of MPII and FRAS3,
respectively. MP11-E352-T, the catalytically inert construct with the N-terminal Hisx6 tag
followed by the thrombin cleavage sequence, was used in our crystallization studies.
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Figure 2. Structural organization of MPII
(A) Right and left, cartoon presentation of MPII and its active site, respectively. The

catalytic domain and the prodomain are colored green and magenta, respectively. The
connecting linker is shown in dark blue and the Zn?* ion as an orange ball. Regions with the
missing electron density are shown as dotted lines. In the right panel active site histidines
and the mutant E352A residue are shown as light blue sticks, and lle-191, Asp-193 and
Tyr-194, which discriminate MPII and FRAS3, are pictured as dark blue sticks. The
secondary structure elements are numbered as in FRA3 (PDB 3P24). (B) Sequence
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alignment of MPII and FRA3. Regions with the missing electron density are marked by grey
boxes. The mutant E352A residue is marked by a blue star, the active site histidines by
orange dots, and lle-191, Asp-193 and Tyr-194 by blue dots. Residues are colored according
to the Clustal X color scheme. Dotted arrow indicates antiparallel orientation of the
prodomain relative to substrate.
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Figure 3. Structural differences between MPII and FRA3
(A) Wall-eyed stereo view of the superimposed FRA3 and MPII structures. FRA3 is shown

in grey and black. The prodomain and the catalytic domain of MPII are magenta and green,
respectively, and the interdomain linker is blue. The C-terminal portion of the FRA3
prodomain is black. The active site Zn?* ion is shown as an orange ball and the three
histidines as black sticks. The alignment of the C-terminal linker is shown on the top.
Substitutions of Tyr191, Asn193 and 11e196 (in FRA3) for Pro190, Lys192 and Pro195 (in
MPII), respectively, result in a different fold of this linker region. Solvent-exposed residues
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are underlined. An arrow indicates that the prodomain runs in the antiparallel orientation in
the active site relative to the substrate. (B) Wall-eyed stereo view of the active site in MPII
and FRAS3. The color scheme is as in A. (C) The linker is stabilized by the C-end segment of
the catalytic domain in FRAS3 (right) but not in MPII (left). The catalytic domain is
represented as a grey surface. The active site is shown in blue. The C-terminal Glu-lle-Ala-
Asp-Gly-Asp397residue buckle (yellow) is present in FRA3, but not in MPII. The linker is
shown as a magenta/green tube the width of which is proportional to the B-factor (a measure
of mobility of a particular part of a protein) that varied from 20 to 80 A2, The residues with
the missing electron density are modeled and colored in green. Arrows indicate the scissile
bond between the linker and the catalytic domain in MPII and FRA3. (D) SDS-
electrophoresis of the purified constructs. M, molecular weight markers. CS and WB,
Coomassie staining and Western blotting with an anti-FLAG tag antibody, respectively.
Solid arrows and arrowheads point to the proenzyme and active enzyme, respectively.
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Figure 4. Structural homologues of the MPI1 catalytic domain
(A) MPII (PDB 40N1), (B) FRA3 (PDB 3P24), (C) human ADAM-33 (PDB 1R55), (D)

human MMP-12 (PDB 1Y93), (E) Protease C from Erwinia chrysanthemi (PDB 1K7I) and
(F) Archaemetzincin from Methanopyrus kandleri (PDB 2X7M). Helices, cyan; B-sheets,
magenta; loops, orange; prodomain (in MPIl and FRA3) and a hydroxamate inhibitor (in
ADAM-33), blue; Zn ion, grey sphere. The homologues were identified in the PDB database
using FFASO03 software (http://ffas.sanfordburnham.org). Structural elements are labeled as
in the respective original publications.
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Figure 5. Scatter density plot of FRA3 and MPII at three concentrations (0.04, 0.4 and 4 UM

each)

Density plot of cleavage enrichment ratios of 18,583 peptides. X-axis denotes the logqg -
transformed enrichment ratios where the median enrichment ratio is normalized to 1, while
Y-axis shows logqo raw DNA counts in a digest sample. Darker blue represents a higher
density of substrates, with outlying substrates are represented as dots. This facilitates
comparison of the three different concentrations, where specificity can be ascertained from
the distance between the outlying high-ratio substrates and the high-density region of the
plot representing non-specific cleavage. The plots suggests that the assay is more sensitive
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and less specific at the high, 4 uM, concentration both FRA3 and MPII. In turn, at the low,
0.04 uM, concentration of FRA3 and MPII the assay is less sensitive, but more specific.
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Figure 6. Proteolysis of peptides by FRA3 and MPII
(A) Cleavage of the peptides with the dibasic furin cleavage motif by MPII and FRA3.

Peptide cleavage was evaluated after treatment of 18,583 peptides by FRA3 or MPII (0.4
UM each). The peptide cleavage levels are defined as the number of sequencing reads of the
corresponding DNA templates in the samples. Each black dot represents a unique peptide
substrate. Enrichment ratios were calculated for proteinase-treated peptides versus their
respective “buffer alone” controls. Because the abundance of the individual peptides varied
in the synthesized pool, we plot peptide abundance versus enrichment ratio. The data
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confirm that the enrichment ratio is independent of the abundance of the individual peptides
in the synthesized pool. Red dots mark peptides with the dibasic cleavage motif, which were
efficiently cleaved by MPII (right) relative to FRA3 (left). The vertical and horizontal dotted
lines represent unity ratio (=1) and 10 DNA sequencing counts, respectively. (B) Frequency
plot of the cleavage sequences of MPII and FRA3 in an IceLogo format. The height of a
character is proportional to the frequency of the amino acid residue at the individual position
of the cleaved peptide. In MPII and FRA3, the scissile bond is Arg-Arg and Lys-Leu,
respectively. (C) Structural modeling of MPII (PDB 40N1) and FRA3 (PDB 3P24) with the
Ace-Ala-Ala-Arg-Leu-Arg-Arg-Leu-Ala-Arg-Ala-NMe and Ace-Ala-Lys-Lys-Ala-Lys-
Leu-Thr-Ala-Leu-Val-NMe peptide substrates, respectively. Substrates and the relevant
protease residues are shown as sticks and labeled using black and blue letters, respectively.
Zinc ions are shown as yellow spheres. The molecular surface of MPII and FRA3 is colored
according to electrostatic potential (red, blue and white represent negative, positive, and
neutral electrostatic potential values, respectively).
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Figure 7. Supervised clustering of the 100 most selective peptide substrates of FRA3 and MPII in
a heatmap format
P-values of substrates (50 for FRA3 and 50 for MPII) are < 0.001 each after Bonferroni

multiple testing correction. X-axis shows clustering of FRA3 and MPII samples in triplicate
at three concentrations (0.04, 0.4 and 4 UM each). Y-axis shows clustering of peptide
substrates based on their enrichment ratios normalized to the mean enrichment for the
respective protease concentration. Red, white and blue colors designate high, medium and
low enrichment ratios, respectively.
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Figure 8. MPII proteolysis of selected proteins
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Anthrax PA83 (A), the prodomain of human furin (B), human BTN3A2 (C), human MT1-
MMP (D), and human MBP (E) were co-incubated with MPII at the indicated
enzyme:substrate molar ratio. The protein samples in the A and D panels were also co-
incubated with furin. Where indicated GM6001 and decanoyl-Arg-Val-Lys-Arg-
chloromethyl ketone were added to the reactions to inhibit MPII and furin activity,

respectively.
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Figure 9. FRAS3 proteolysis of cellular E-cadherin and B-catenin
(A) Morphology of HT-29 cells. Cells were left untreated or co-incubated for 3 h at 37°C

with FRA3 and FRA3-E349A (5 nM each), and MPII and MPII-E352A (50 nM each). Cell
morphology was observed using a bright-field microscope. (B) Left, immunostaining of
HT-29 cells. Cells were left intact or incubated for 3 h at 37°C with FRA3 (5 nM), MPII (50
nM) and E349A (5 nM) alone or in combination. Cells were then fixed, permeabilized and
stained for E-cadherin B-catenin (middle) and phalloidin/F-actin (right). Scale bar, 20 um.
Right, Western blotting of HT-29 cells with the E-cadherin and -catenin antibodies. Cells
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were left intact or co-incubated for 3 h with the indicated concentrations of FRA3, MPII and
E349A. Where indicated, MPII (10 pg/ml, ~500 nM) was added jointly with FRA3. E349A,
the E349A proteolytically inactive mutant of FRA3.
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Table 1

Data collection and refinement statistics

Residue count includes the 18-residue signal peptide.

Space Group

P2,2,29

Unit Cell a, b, ¢ /A

444 -114.4-140.2

Resolution/A (outer shell)

50-2.13 (2.17-2.13)

Unique reflections collected 41324
Completeness (%) 99.8 (99.7)
Average Redundancy 12.4 (10.8)
<llo(1)> 21(4.8)
Rimerge 0.135 (0.58)
Refinement statistics:
Resolution range (A) 44-2.13
No reflections work set (Rrreg Set) 41241 (2064)
Rwork (RFReE) 0.16 (0.20)
RMS Deviations
bond lengths (A) 0.005
bond angles (A) 0.92
Ramachandran plot (%)
Favored by MolProbity (%) 98.0
Outliers by MolProbity (%) 0.31
Coordinate errors, estimated by Phenix (A) | 0.3
Residues in chain A observed/present 334/396*
Residues in chain B observed/present 333/396%
Ligands per a chain (Zn) 1
Water molecules (total) 429
Temperature factors, ADP (A?)
average 32.0
protein 315
ligands (Zn%*) 19.5
solvent 37.6
Wilson B 27
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