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Abstract

Bacteroides fragilis is an abundant commensal component of the healthy

human colon. However, under dysbiotic conditions, enterotoxigenic B. fragilis

(ETBF) may arise and elicit diarrhea, anaerobic bacteremia, inflammatory

bowel disease, and colorectal cancer. Most worrisome, ETBF is resistant to

many disparate antibiotics. ETBF's only recognized specific virulence factor is

a zinc-dependent metallopeptidase (MP) called B. fragilis toxin (BFT) or fragily-

sin, which damages the intestinal mucosa and triggers disease-related signaling

mechanisms. Thus, therapeutic targeting of BFT is expected to limit ETBF

pathogenicity and improve the prognosis for patients. We focused on one of

the naturally occurring BFT isoforms, BFT-3, and managed to repurpose sev-

eral approved drugs as BFT-3 inhibitors through a combination of biophysical,

biochemical, structural, and cellular techniques. In contrast to canonical MP

inhibitors, which target the active site of mature enzymes, these effectors bind

to a distal allosteric site in the proBFT-3 zymogen structure, which stabilizes a

partially unstructured, zinc-free enzyme conformation by shifting a zinc-

dependent disorder-to-order equilibrium. This yields proBTF-3 incompetent
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for autoactivation, thus ablating hydrolytic activity of the mature toxin. Addi-

tionally, a similar destabilizing effect is observed for the activated protease

according to biophysical and biochemical data. Our strategy paves a novel way

for the development of highly specific inhibitors of ETBF-mediated entero-

pathogenic conditions.
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1 | INTRODUCTION

The human colon hosts the largest population of bacteria
of the human body. Notably, approximately 25% of its
species belong to the genus Bacteroides, which are anaer-
obic, bile-resistant, and non-spore-forming Gram-
negative rods.1 Although Bacteroides are normally com-
mensals, several species can cause severe infections in
the intra-abdominal space, for example after rupture of
the gastrointestinal tract or intestinal surgery.2,3 After
infiltration of the normally sterile peritoneal cavity by gut
bacteria, first aerobes such as Escherichia coli dominate
the infection. However, once sufficient oxygen has been
depleted, Bacteroides typically dictate the chronic stage.
Crucially, untreated Bacteroides fragilis infections lead to
mortality rates of �60%.4,5

Among Bacteroides, B. fragilis accounts for only 0.5%
of the human colon microbiome, but it is the most fre-
quent anaerobic isolate in clinical specimens,1 among
which enterotoxigenic B. fragilis (ETBF) strains are con-
sidered the most virulent.2,6 Remarkably, the only recog-
nized virulence factor specific to ETBF when compared
to its nontoxigenic counterparts (NTBF) is a unique
20-kDa zinc-dependent metallopeptidase (MP) dubbed
fragilysin or B. fragilis enterotoxin (BFT),7,8 which is not
found in any other organism, and is only very distantly
related to ADAM/adamalysin MPs.9 The enzyme is
encoded as three isotypes of >90% sequence identity
(BFT-1, -2, and -3)7,8,10 by a 6-kb pathogenicity island
(BfPAI) unique to ETBF,8,11 which is flanked by conjuga-
tive transposons. Thus, it may be transmitted to NTBF
strains by lateral gene transfer.12

BFT can degrade the zonula adherens tight junctions
of the intestinal epithelium by cleaving E-cadherin,7,13,14

thereby causing (a) delocalization of other tight-junction
proteins, (b) loss of cell adhesion, (c) rearrangement of
actin cytoskeleton, (d) nuclear translocation of β-catenin,
(e) secretion of inflammatory signaling molecules, and (f)

loss of fluids, which collectively cause diarrhea and other
related pathologies.3 As a consequence, patients with
ETBF exhibit an increased risk for inflammatory bowel
disease and colorectal cancer.3,15 Indeed, BFT expression
is associated with early-stage carcinogenic lesions,16 and it
has been shown that BFT activates both the NF-κB and
β-catenin/Tcf signaling pathways, thereby upregulating
the c-Myc oncogene and the proinflammatory cytokine
IL-8, which are both associated with colorectal cancer.17–20

To tackle Bacteroides infections, β-lactams co-administered
with β-lactamase inhibitors, carbapenems, clindamycin,
and metronidazole are frequently prescribed, the latter
two often in combination with fluoroquinolones.21 How-
ever, several B. fragilis strains are intrinsically resistant to
several classes of structurally unrelated antibiotics.22–25

Thus, specific inhibition of BFT represents an attractive
novel route to combat ETBF-mediated pathogenicity in
inflammatory bowel disease and colorectal cancer without
disturbing the commensal microbiota.

Here, we describe a comprehensive drug discovery
approach to target (pro)BFT-3. Starting from a collection
of 1,120 drugs approved by the United States Food and
Drug Administration, we identified compounds capable of
specifically binding to the catalytic domain (CD) of (pro)
BFT-3 by a molecular experimental screening based on dif-
ferential scanning fluorimetry (DSF), which assessed
ligand-induced stabilization of the protein against thermal
denaturation through fluorescence emission spectroscopy.
For this, we applied a strategy specially designed for zinc-
dependent proteins, which assumes the existence of a
physiologically relevant conformational state in the
absence of the zinc cofactor. This strategy has proven suc-
cessful previously for the identification of allosteric inhibi-
tors of the hepatitis C virus (HCV) NS3 protease.26 Hit
compounds were subsequently assessed for target engage-
ment, cytotoxicity, and biological efficacy using both
in vitro assays and cell-based E-cadherin processing assays.
Furthermore, we determined five crystal structures of
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proBFT-3, unbound and complex with three of these
inhibitors, which uncovered a hitherto unknown distal
exosite on the surface opposed to the active-site cleft that
crucially impacts the active-site geometry and, thus, activa-
tion of proBFT-3 through a unique mechanism of alloste-
ric inhibition. Additionally, as the exosite is located within
the CD, a similar destabilizing and inhibitory effect was
observed for activated BFT-3. Therefore, because the
inhibitors do not bind into the active site, they allosteri-
cally affect both proBFT-3 and BFT-3. Importantly, the
identified compounds can be either considered straightfor-
ward for drug repurposing in combination therapies, or
for lead optimization to obtain even more potent com-
pounds against ETBF.

2 | RESULTS

2.1 | proBFT-3 is a zinc-dependent
conditionally disordered protein

We employed several biophysical techniques, including
circular dichroism (CD), DSF, and both intrinsic and

extrinsic fluorescence probes to assess the zinc-
dependence of proBFT-3. As expected from the published
structure, which evinces an α-helical content of �25%,9

the far-UV CD spectrum revealed a marked negative
band at around 220 nm (Figure 1a). Unexpectedly, this
peak increased by �11% upon ethylenediaminetetraacetic
acid (EDTA)-mediated zinc removal while no other
major changes were observed. Importantly, the near-UV
CD spectrum was non-zero (Figure 1b), which is indica-
tive of a folded structure, and showed small changes
upon zinc removal. The intrinsic fluorescence signal at
350 nm was reduced by �10% (Figure 1c), pinpointing
conformational changes in the local microenvironment
of at least one of the four tryptophan residues in the CD
of proBFT-3. Next, we investigated the impact of zinc dis-
sociation using the extrinsic fluorescent probe 1-anilino-
8-naphthalene sulfonic acid (ANS) as a hydrophobic
reporter (Figure 1d). In the zinc-bound form, a fluores-
cence spectrum with a maximum intensity at around
505 nm was recorded, which is lower than the typical
value of 535 nm for free ANS in an aqueous solvent and
rather conforms to protein-bound ANS.27 Upon zinc
removal, this blue-shift was enhanced to �490 nm, and

FIGURE 1 Spectroscopic characterization of proBFT-3. Spectra were recorded in the presence (black) and absence (red) of zinc. (a) Far-

UV CD spectra and (b) near-UV CD spectra. Raw ellipticity data obtained with 10 μM protein are shown. (c) Fluorescence spectra (excitation

wavelength, 280 nm). Data obtained with 2 μM protein. (d) 1-anilino-8-naphthalene sulfonic acid (ANS) fluorescence spectra (excitation

wavelength, 370 nm) with proBFT-3. Data obtained with 2 μM protein and 100 μM ANS are shown
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the recorded fluorescence intensity nearly doubled, indi-
cating a potential conformational change accompanying
the cofactor dissociation together with an increase in
solvent-exposed protein surface.

In addition, thermal denaturation monitored by DSF
showed that zinc-bound proBFT-3 unfolds in a single
highly-cooperative transition, which indicates a high
folding barrier and a sharp unfolding equilibrium
(Figure 2). The unfolding temperature Tm of 54�C was in
good agreement with the previously reported value of
56�C9 and an unfolding enthalpy ΔH(Tm) of 101 kcal/
mol was estimated. Remarkably, zinc depletion caused a
substantial reduction of the protein stability as revealed
by the unfolding temperature and the associated unfold-
ing enthalpy (39�C and 74 kcal/mol).

2.2 | Identification of ligands targeting
the zinc-free partially disordered proBFT-3
state

In a previous study, we identified several small molecules
as allosteric inhibitors of HCV NS3 protease, which stabi-
lized the zinc-free—and thus an inactive and partially
unfolded protein conformation—through a novel mecha-
nism.26 Leveraging the overall similarity of BFT-3 and
NS3 as zinc-dependent MPs, we implemented a similar

experimental strategy for targeting proBFT-3 by screen-
ing an FDA-approved chemical library to identify com-
pounds capable to (a) induce stabilization of proBFT-3
against thermal unfolding, and (b) trap proBFT-3 in its
zinc-free and thus inactive conformation.

Thermal unfolding in the presence and absence of
small molecule compounds was monitored by following
the emission signal of the extrinsic fluorescent probe
SYPRO Orange, and using the Prestwick Chemical
Library, a collection of 1,120 FDA-approved drugs with
known therapeutic indication, good bioavailability, and
safety in humans, and covering a large chemical and
pharmacological space, as the screening set. Initial hits
were identified as those compounds substantially increas-
ing the unfolding temperature of zinc-free proBFT-3 at
least by 3�C (Figure 3), and selected for further testing
(Table 1). The known therapeutic indication for each of
the compounds is reported in Table S3.

2.3 | Target engagement of selected
compounds

As ligand-induced stabilization of proBFT-3 represents
indirect evidence for interaction and there is no direct
correlation between protein stabilization extent
(i.e., ΔTm) and ligand affinity (Ka), we determined the
dissociation constants for selected compounds by iso-
thermal titration calorimetry (ITC) to assess target
engagement. Calorimetric assays were performed for all

FIGURE 2 Thermal stability of proBFT-3 assessed by

differential scanning fluorimetry (DSF). Thermal unfolding of

proBFT-3 was monitored by DSF in the presence (black) and

absence (red) of zinc. Thermograms were obtained with 2 μM
protein and 5X SYPRO Orange. For zinc-free proBFT-3, EDTA was

added. For zinc-bound proBFT-3, no exogenous zinc was added;

therefore, zinc concentration was that corresponding to the

endogenous zinc accompanying proBFT-3 along the purification.

Thus, a minor population of zinc-free enzyme could be observed

(small positive slope at 39�C in the black line). The zinc bound to

proBFT-3 increased the Tm from 39 to 54�C (ΔTm = 15�C)

FIGURE 3 Experimental screening of compounds by thermal

shift assay. Potential ligands of zinc-free proBFT-3 were identified

as those molecules increasing the protein unfolding temperature by

at least 3�C. Raw fluorescence intensity data as a function of

temperature is shown for compound-free protein and for protein in

the presence of selected compounds. Color coding: no compound

(black), C-4 (red), C-9 (blue), and C-10 (green)
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compounds with proBFT-3 in the presence/absence of
the active-site zinc (Figure 4). Compounds C-4, C-9,
and C-10 exhibited dissociation constants in the low
micromolar range, and importantly, the presence of
zinc caused an approximately two to threefold reduc-
tion in binding affinity, which was most pronounced
for compounds C-4 and C-10. Interestingly, the binding
enthalpies were more favorable for the zinc-bound
proBFT-3, suggesting that the entropic contribution of
the binding is either less favorable or more unfavorable
in the zinc-free protein. Additional experiments done
with trypsin-activated BFT-3 in the presence/absence of
the active-site zinc provided similar binding affinities
and similar influence of the zinc cofactor (see
Table S4). Noticeably, the binding enthalpies were more
favorable (i.e., more negative) than those for proBFT-3,
and, therefore, the binding entropies were less favor-
able or more unfavorable than those determined for
proBFT-3.

2.4 | Selected compounds inhibit BFT-3
in vitro

To evaluate the potential inhibitory effect of the selected
compounds on the BFT-3 proteolytic activity, the com-
mercial EnzChek Protease Assay kit was employed. Pres-
ence of proteolytic activity leads to the processing of the
quenched BODIPY FL casein substrate, causing an
increase in fluorescence intensity that is directly propor-
tional to the enzymatic activity (Figure 5). Activity was
determined for trypsin-activated BFT-3, for proBFT-3,
and for trypsin alone as a positive control to assess its
potential contribution to the overall signal. As expected,
an increase in fluorescence over time could be observed
for BFT-3, but not proBFT-3 (see Figure S1), and in pres-
ence of the compounds, a dose-dependent inhibition was
detected (Figure 5).

2.5 | Cytotoxicity of the selected
compounds

Cytotoxicity was tested on HT-29 and HeLa cells at the
maximum compound concentration used in any of the
assays, namely 400 μM (Figure 6). Importantly, com-
pounds showed little or no cytotoxic effect, indicating
that the cytotoxic concentration, CC50, is significantly
larger and that there is a potential therapeutic window
for inhibition.

2.6 | Selected compounds inhibit E-
cadherin processing

Western blot assays were performed to assess whether
the selected compounds were able to hamper E-cadherin
hydrolysis in HT-29 cells. Intact E-cadherin was observed
as a single band at �120 kDa, whereas processed E-
cadherin could be observed as a band at �80 kDa, which
corresponds to the E-cadherin ectodomain.14 It was
established from cytotoxic assays that compounds
showed little toxicity and concentrations up to 200 μM
are safe in cell assays. Compounds C-4, C-9, and C-10
reduced the levels of the E-cadherin processing
(Figure 7), maintaining most of E-cadherin in its unpro-
cessed form (MW 120 kDa). GAPDH was used as a
housekeeping gene for comparison purposes.

2.7 | Structure determination of
inhibitory complexes

proBFT-3 is a two-lobed �42 kDa zinc-dependent MP
zymogen that is synthesized as a 397-residue preproprotein,
including a signal peptide for secretion, a �190-residue
pro-domain (PD; A18-R211) for folding and enzyme inacti-
vation, and an approximately equally long CD (A212-D397),

TABLE 1 Dissociation constants of the proBFT-3-compound complexes obtained by ITC at 25�C and pH 7.4

Compound Zn (±) Ka (M
�1) Kd (μM) ΔH (kcal/Mol) n

C-4 �Zn 1.3 � 105 (1.2 � 105–1.4 � 105) 7.8 (7.3–8.2) �5.7 (�5.9 to �5.5) 0.76 (0.72–0.74)

+Zn 5.0 � 104 (4.4 � 104–5.6 � 104) 20 (18–23) �9.1 (�10.5 to �8.1) 0.73 (0.71–0.80)

C-9 �Zn 1.2 � 105 (1.1 � 105–1.2 � 105) 8.5 (8.0–8.9) �6.8 (�7.1 to �6.6) 0.67 (0.66–0.68)

+Zn 6.9 � 104 (6.3 � 104–7.6 � 104) 14 (13–16) �10.2 (�11.2 to �9.4) 0.66 (0.62–0.69)

C-10 �Zn 1.2 � 105 (1.1 � 105–1.2 � 105) 8.7 (8.2–9.2) �3.6 (�3.7 to �3.5) 0.83 (0.82–0.85)

+Zn 4.6 � 104 (3.7 � 104–5.6 � 104) 22 (18–27) �7.5 (�8.8 to �6.1) 0.67 (0.55–0.75)

Note: The uncertainty in the estimation of the binding parameters is reported as the confidence interval at a statistical significance of 68%, shown in
parenthesis below each parameter.
Abbreviations: ITC, isothermal titration calorimetry; Ka, association constant; Kd, dissociation constant; n, binding stoichiometry (or percentage of binding-
competent protein); ΔH, binding enthalpy.
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which belongs to the metzincin clan of metallopepti-
dases.9,28 Importantly, the two globular entities of the PD
and CD are connected by an inhibitory C-terminal linker
segment of the PD (L186-R211), which runs along the active-
site cleft and binds to the CD in the opposite direction of a
substrate. Via a so-called “aspartate-switch mechanism,”9

D194 of the linker binds to the catalytic zinc ion, thereby
displacing the active-site water and rendering the protease

inactive in its zymogenic form. The catalytic site is
built by a consensus zinc-binding motif, namely
HE349XXHXXGXXH, containing three zinc-binding histi-
dine residues and a glutamate residue as the general base/
acid for catalysis. The active site is further complemented
by a loop segment and a tight 1,4-β-turn centered on M366,
the so-called “Met-turn,” which forms a hydrophobic base-
ment just underneath the catalytic zinc ion (Figure 8).

FIGURE 4 Interaction of selected compounds with proBFT-3. Calorimetric titrations for C-4 (a and b), C-9 (c and d) and C-10 (e and f)

interacting with proBFT-3, in the absence (left) and the presence (right) of zinc. Thermograms (upper panels; thermal power required to

maintain an almost zero temperature difference between sample and reference cell) and binding isotherms (lower panels; ligand-normalized

heat effect per peak as a function of the molar ratio) are shown. Nonlinear fits according to a model considering a single ligand binding site

(continuous lines) are shown
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We tested the most promising candidates from our
biophysical and biochemical characterization for co-crys-
tallization, namely C-4, C-9, and C-10, and succeeded for
all three of them. Notably, all compounds bound in simi-
lar orientation into a prominent pocket at the top rear of
the CD, where the inhibitors inserted wedge-like between
the end of the so-called “adamalysin helix” (α5) and the
first three strands (β12, β13, β14) of the β-sheet of the
upper subdomain (cf. left and a middle panel of Figure 9
and Figure S2). This binding was found consistently in
the two protomer complexes present in all crystallo-
graphic asymmetric units. Importantly, while for C-9

(307.35 Da) and C-10 (302.29 Da) one inhibitor moiety
was found at the exosite with interaction areas of 382 and
364 Å2, respectively, two molecules of the smaller C-4
(261.26 Da) were bound, thereby increasing the interface
from 304 Å2 for a single C-4 molecule to 497 Å2. How-
ever, while the first C-4 molecule is deeply buried in the
protein moiety, with only 14% of its surface being solvent
accessible, the second one is found further outside with
43% of its surface solvent accessible. In comparison, for
C-9 and C-10, 76% of the surfaces were buried by
proBFT-3, which is highly similar to the combined 71%
for the two C-4 molecules. However, our ITC data

FIGURE 5 Proteolytic activity of BFT-3 measured in vitro, and inhibitory effect of selected compounds. (a and b) BODIPY FL casein

was employed as a fluorescent substrate for trypsin-activated BFT-3. Loss of reciprocal fluorophore quenching due to proteolytic processing

by BFT-3 results in an increase of fluorescence over time. (a) Maximal activity is observed with BFT-3; (b) Addition of an inhibitor

compound reduces the hydrolytic rate, observing a lower fluorescence signal. (c–e) Increasing the concentration of the compounds (twofold

serial dilutions from 1 to 0 mM) decreased the activity of BFT-3: (c) C-4, (d) C-9, and (e) C-10. While proBFT-3 showed no activity, trypsin

yielded some signal at the used concentrations, but much lower than that of BFT-3, and its contribution was subtracted from the total signal

of the trypsin-activated BFT-3 (Figure S1)

FIGURE 6 Cytotoxicity of compounds against HT-29 and HeLa cell lines. Cell viability values for HT-29 (open squares) and HeLa cells

(filled squares) were determined by CellTiter 96® assay after 48 hr of incubation with increasing concentrations of (a) C-4, (b) C-9, and (c) C-

10. All data are presented as the average ± standard deviation of three biological replicates, performing the assay twice with technical

replicates
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showed no evidence for the second C-4 molecule, most
likely due to the lower inhibitor concentrations used in
the calorimetric experiment, implying a much higher
affinity for the first binding event.

The main ligand interactions by proBFT-3 are per-
formed with four tyrosines and a lysine residue (K292).
Tyrosines Y221, Y265, and Y301 are located on β-strands
β12, β13, and β14, respectively, while Tyr296 is provided

by the loop after helix α5. Together, they outline the
ligand binding pocket and literally sandwich the bound
ligands, with the lysine closing in from the top (Figure 9,
left panel). Importantly, while the tyrosines nearly per-
fectly superimpose in both the non-ligated and com-
plexed structures, the lysine sidechain closes the distance
to the opposing side of the exosite cleft by nearly 2 Å
(measured between K292Nζ and T266Cα; see

FIGURE 7 Proteolytic activity of BFT-3 and inhibitory effect of selected compounds monitored in a cell-based assay. (a) BFT-3

processing of E-cadherin (MW 120 kDa) results in the release of its ectodomain (MW 80 kDa). (b) In the absence of BFT-3, no degradation of

E-cadherin was observed, whereas the presence of BFT-3 led to complete degradation of full-length E-cadherin, while the ectodomain was

still partly detectable. The presence of compounds C-4, C-9, and C-10 at 120 μM inhibited E-cadherin processing, as evident by detected

western blot bands at 120 kDa. While proBFT-3 was added to the assay, proteases present in the cell culture medium, as well as self-

activation, result in activated BFT-3 protein under these conditions

FIGURE 8 Crystallographic structure of proBFT-3 in complex with an identified inhibitor. (a) Overall structure in front view and

(b) side view of proBFT-3. The prodomain (PD) and catalytic domain (CD) of unbound proBFT-3 (PDB 7PND) are shown as green and pink

ribbons, with α-helices and β-strands as coiled ribbons and flat arrows, respectively. The active-site residues are depicted as sticks with

yellow carbons, the catalytic zinc as a gray sphere, and the M366 of the hydrophobic basement is shown with violet carbon atoms. Of note,

the linker segment of the PD binds to the CD in a reverse direction compared to a substrate, and the aspartate-switch D194 is shown in stick

mode with green carbons. The exosite responsible for inhibitor binding is located at the back rear of the CD, �25 Å away from the active

site, and is depicted as a yellow semi-transparent surface resulting from the overlaid small-molecule inhibitors identified in this study

extracted from PDB entries 7POL, 7POO, 7POQ, and 7POU, after superposing the respective proBFT-3 moieties. Key inhibitor-binding

residues are shown as sticks with orange carbons. The substrate-guiding upper-rim strand of the CD is colored in hot pink, and the

activation site of native BFT-3 is indicated with a scissor. The polypeptide chain is interrupted for segment S161-G167 of the PD, as indicated

by a dashed line. For the side view, PD residues Val34-Asn185 were omitted for clarity. Of note, corresponding molecular representations of

all five determined X-ray structures, each with two protomers per asymmetric unit, are shown in Figure S2

8 of 18 JIMENEZ-ALESANCO ET AL.

http://firstglance.jmol.org/fg.htm?mol=7PND
http://firstglance.jmol.org/fg.htm?mol=7POL
http://firstglance.jmol.org/fg.htm?mol=7POO
http://firstglance.jmol.org/fg.htm?mol=7POQ
http://firstglance.jmol.org/fg.htm?mol=7POU


FIGURE 9 Legend on next page.
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e.g., Figure S2). Additionally, while the tyrosines contrib-
ute with both hydrophobic and parallel π-stacking inter-
actions to inhibitor binding, K292 provides, in addition to
hydrophobic interactions, a salt bridge and a hydrogen
bond in the C-4 and C-10 complexes, respectively
(Figure 9). Overall, the three compounds were found in
similar orientation and performing analogous interac-
tions (Figure S4) with the exception of the extended bind-
ing interface for C-4 due to the second inhibitory
molecule. Ligand-omitted and bulk solvent-excluding
mFo–DFc polder maps29 were calculated using
PHENIX,30 contoured at 3.0 σ in Coot,31 and are shown
for all exosite-binding inhibitory compounds in
Figure S5.

Notably, inhibitor binding at the exosite appeared to
impact protein crystallization. While the non-ligated
proBFT-3 crystalized in the orthorhombic (ORTH) space
group P212121 and diffracted to 1.84 Å resolution, the com-
plex structures with C-4 (1.95 Å), C-9 (1.84 Å), and C-10
(2.03 Å) all crystallized in the tetragonal (TETR) space
group P41212. For C-9, we further succeeded in obtaining
an ORTH structure, but at a significantly lower resolution
(2.70 Å). Intriguingly, the building block of both space
groups, the crystallographic asymmetric unit, is protein-
wise identical in both space groups, with two protomers
packing back-to-back and a protein–protein interface area
of �1,000 Å2. Biocomputational analysis of this surface
with Protein Interfaces, Surfaces, and Assemblies software
(PISA)32 indicated this surface was not relevant for dimer-
ization. However, using size-exclusion chromatography, a
concentration-independent monomer-dimer equilibrium
was observed with significant interface stability based on

the immediate reinjection of the dimer peak (Figure S6).
For crystallization experiments, both the monomeric and
dimeric peaks were concentrated together. Of note, as the
interface is largely built by the prodomains, the activated
BFT-3 protein is unlikely to dimerize.

Importantly, inhibitor binding to the exosite pro-
foundly impacted the binding of the catalytic zinc despite
occurring �25 Å apart. While the thermal displacement
parameters of the active-site residues were only slightly
lower in the inhibitor complexes than in the overall
structure (�12%), this effect was more than double in the
non-ligated structure (�26%), which indicates that inhib-
itor binding caused active-site destabilization. Similarly,
when looking at the active-site zinc ion, we observed an
increase in its thermal displacement parameters upon
inhibitor binding, which was typically accompanied by a
diminished metal occupancy. This impact was most pro-
nounced in the C-4 complex structure, where the active
site, especially H358, is distorted in both chains, and the
zinc occupancy is reduced to 0.34 for chain A, and the
metal is entirely missing in chain B (Figure 9 and
Figure S2, right panels). A similar impact was observed
for C-9 in the orthogonal space group, where the occu-
pancy fell to 0.22 and 0.59 in chains A and B, respec-
tively. Compared to non-ligated proBFT-3, a 3.3-fold
lower occupancy of the zinc ion (calculated as the zinc b-
factor normalized to full-occupancy divided by the over-
all b-factor of the structure) was identified. Even for C-
10, where full zinc occupancy was observed, and for the
TETR C-9 complex structure, zinc stability was reduced
by �20%, despite little effect at first sight. At this point, it
is important to note that all crystallization experiments

FIGURE 9 Binding of inhibitors to the newly identified exosite on proBFT-3. Close-up views of the inhibitor-binding exosite (left), the

protein-ligand interaction network (middle), and the active site of the catalytic domain (CD) (right) in the distinct structures. Of note, chain

A of the crystallographic asymmetric unit is depicted for each of the determined X-ray structures. The corresponding second protein

molecule (chain B) is shown in Figure S2 with the same settings and orientations as shown here. Left: Back view onto the ligand-binding

exosite. proBFT-3 is shown as a pink semi-transparent surface with key ligand-binding residues shown as sticks with orange carbons. The

respective inhibitor is shown in sky-blue and stick mode, with the corresponding electron density map (2Fo-Fc) contoured at 1.0 sigma, and

using a carve radius of 2.0 Å. Water molecules in hydrogen bond-forming distance (≤3.4 Å) are shown as red spheres. Middle: Protein-ligand

interaction networks at the inhibitory exosite. The orientation is similar to the overview structure in Figure 8, and rotated �180� away
compared to the view of the figures on the left. Inhibitors are shown in atom-color mode with carbons in sky blue. In (a), the exosite of

unligated proBFT-3 is shown, but, as in Figure 8, complemented with the cumulative surface of all crystallized inhibitors in yellow. (b) For

C-4 (PDB entry: 7POL), two copies of the inhibitor were found at each exosite. For C-9, two crystal forms were identified: (c) orthorhombic

(ORTH; PDB entry: 7POO) and (d) tetragonal (TETR; PDB entry: 7POQ). The ligand interaction network for C-10 (PDB entry: 7POU) is

shown in (e). All protein-ligand interactions were calculated using the PLIP webserver 43, and are displayed as gray, green, and yellow

dashed lines for hydrophobic interactions, parallel π-stacking, and salt bridges, respectively, while hydrogen bonds are depicted as solid blue

lines. Right: Active-site views of proBFT-3 in the non-ligated and inhibitor-complexed structures. A similar orientation as in Figure 8 is

shown, with the same key active-site residues depicted in stick mode. The molecular representation was overlaid with the corresponding

electron density map (2Fo-Fc) contoured at 1.0 sigma, and using a carve radius of 2.0 Å. Importantly, the active site of C-4-complexed

proBFT-3 is completely perturbed, highlighted by a low zinc occupancy and missing electron density for the third proteinaceous zinc ligand

(H358), despite the presence of 5 μM ZnCl2 in the protein buffer.
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were carried out in the presence of 5 μM ZnCl2. As a
result, zinc occupancy in solution may be even lower.
This is consistent with the fact that the tested compounds
were first identified against zinc-free (EDTA-treated)
proBFT-3, their higher affinity toward the zinc-free con-
formational state, and the observed competitive interplay
between compound binding at the identified exosite and
zinc occupation at the catalytic site.

3 | DISCUSSION

Depending on their functional role, protein-bound zinc
ions can be classified as either structural (i.e., stabilizing
the folded protein) or catalytic (i.e., involved in an enzy-
matic process). While the former ones are typically
bound distal from the active site and coordinated by cys-
teine residues (e.g., HCV NS3 protease), the latter ones
are primarily complexed by aspartates, glutamates, and
histidines (e.g., H348, H352, and H358 in BFT-3) at the
active center. However, the latter may also contribute to
the overall stability of the protein in addition to facili-
tate catalysis. Due to differences in the respective coor-
dination spheres, EDTA readily abstracts zinc from
BFT-3 at pH 7, but fails to do so in HCV NS3 at
pH >6,33 despite EDTA having a picomolar binding
affinity for zinc.34,35 Importantly, we detected consider-
able unfolding in proBFT-3 upon zinc removal, albeit to
a lesser extent than in cc NS3,26 and moderate changes
were observed in both the secondary structure content
(in fact, an unexpected increase in ellipticity) and the
intrinsic tryptophan fluorescence. This may be
explained by zinc acting as an anchor between the
upper and lower halves of the proBFT-3 CD, so that its
depletion leads to increased overall protein flexibility
while having little impact on the secondary structure
content and the tryptophan environment. Indeed, in the
absence of zinc, the solvent-exposed surface area
increased significantly, as evidenced by an increase in
ANS fluorescence quantum yield. In contrast, both the
unfolding stability and cooperativity decreased, as
reflected by the much lower thermal stability of the pro-
tein (lower unfolding temperature and enthalpy), thus
confirming that the catalytic zinc ion serves also a criti-
cal structural role in proBFT-3. In fact, based on the
thermal stability parameters obtained in DSF (Figure 2),
an estimated stabilization Gibbs energy of �3.6 kcal/
mol can be attributed to the zinc interaction, which is
significantly higher than the intrinsic stabilization
energy of the zinc-free state (�2.5–3.0 kcal/mol), and
accounts for �60% of the total proBFT-3 stabilization
energy.

Thus, we postulate that BFT-3 is a conditionally disor-
dered protein (CDP), as previously shown for HCV
NS3.36 CDPs function by temporarily adopting a well-
folded structure but are otherwise partially or completely
disordered. This conformational switch represents a regu-
latory element that can be triggered by a post-
translational modification, interaction with a biological
partner, or a change in environmental conditions
(e.g., zinc levels). Notably, CDPs have low structural sta-
bility and show properties similar to intrinsically disor-
dered proteins as they populate conformational states
separated by small conformational energy gaps. In case
of (pro)BFT-3, the solvent and the protein alone seem
insufficient to drive the folding toward the structured
state. However, upon zinc binding, the required interac-
tions and structural context are available. Importantly,
the tight spatial, thermodynamic, and kinetic regulation
of the intracellular zinc pool at subnanomolar levels,37–40

the required proBFT-3 plasticity for secretion into the gut
lumen (i.e., the protein can adopt a sufficiently relaxed
structure to undergo membrane translocation and refold
afterwards), and the rather low intrinsic conformational
stabilization Gibbs energy of proBFT-3, support the
notion that the partially unfolded zinc-free state of
proBFT-3 is indeed of physiological importance. This
may add an extra layer of proBFT-3 activity regulation on
top of the inhibitory function of the PD. While the par-
tially unfolded state due to zinc scarcity would ensure
negligible intracellular proBFT-3 activity, its structural
plasticity could expedite both protein secretion and
activation—likely by a host protease such as trypsin.
Nonetheless, enhanced and durable BFT-3 activity would
be attainable in the gut lumen upon zinc binding and sta-
bilization of the protein. This conceivable physiological
relevance of proBFT-3's zinc-free state prompted us to
search for small molecules capable of binding and stabi-
lizing this partially disordered conformation. This would
trap the protein in an inactive state by an allosteric inhi-
bition mechanism where ligand binding modulates the
conformational equilibrium between the active and inac-
tive state.41,42 Such a resulting inhibition mechanism can
be classified as either competitive or mixed-inhibition
depending on whether the substrate and inhibitor are
mutually exclusive (i.e., the substrate and inhibitor solely
interact with the folded and partially unfolded protein,
respectively), or if a ternary complex is possible and
retains reduced but evident activity.

We were able to identify 11 known drugs from the
Prestwick Chemical Library as potential BFT-3 ligands
using a thermal shift assay (TSA)-based screening proce-
dure under experimental conditions favoring zinc dissoci-
ation (i.e., in the presence of the chelating agent EDTA)
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and a semi-quantitative YES/NO readout for hit selec-
tion. Subsequently, since TSA analysis only provides indi-
rect evidence for ligand interaction, and as the identified
stabilization cannot be directly translated into binding
affinities (as it additionally depends on [free] ligand con-
centration, ligand binding enthalpy, and binding heat
capacity43), we conducted ITC experiments to assess tar-
get engagement and to determine actual binding affini-
ties. Furthermore, we evaluated the biological effect of
the compounds using both in vitro and cell-based assays.

While several initial hit compounds lacked adequate
binding affinity, C-4, C-9, and C-10 demonstrated signifi-
cant (pro)BFT-3 binding (i.e., a Kd in the micromolar
range) and inhibitory efficacy in both cell-based E-
cadherin processing assays and in vitro cleavage studies
using BODIPY-casein. Notably, the identified compounds
bound to both the proBFT-3 zymogen and the active
BFT-3 protein, and interacted with both the zinc-free and
zinc-bound form, albeit with reduced affinity for the lat-
ter (see Figure 4 and Table 1). Intriguingly, the less favor-
able Gibbs energy of binding to the zinc-bound enzyme
was accompanied by a more favorable enthalpic interac-
tion but which was outweighed by a less favorable
(or more unfavorable) entropic term. Importantly, this
competitive interplay between the active-site metal (and
thus fully folded protein) and the identified inhibitors
(which favor the zinc-free partially unfolded state) is also
reflected in the reduced zinc occupancy in the deter-
mined crystal structures of the complexes—remarkably
even despite the presence of 5 μM ZnCl2 during crystalli-
zation. The crystal structures also explained the similar
affinities to the active and zymogen form as the identified
exosite is located on the opposite face of the CD and thus
distal to the PD. Crucially, as the identified compounds
bind to both zinc-free and zinc-bound BFT-3, their over-
all inhibitory activity may rely on a combined (a) indirect
reciprocal (i.e., substrate and inhibitor reciprocally
exclude themselves by preferentially interacting with dif-
ferent BFT-3 zinc-ligation macrostates, namely zinc-
bound and the zinc-free BFT-3, respectively) and
(b) direct reciprocal competitive effect (i.e., substrate and
inhibitor exclude themselves reciprocally by interacting
with different conformational microstates of the same
macrostate, where the inhibitor distorts the catalytic pro-
cess and hinders substrate binding and/or catalysis). Con-
sequently, the apparent inhibitory effect will depend on
the compound's ability to alter the thermodynamics of
the enzyme-substrate interaction (i.e., increase in Km)
and dynamics (i.e., decrease in Vmax), and the residual
activity of the ternary enzyme-substrate-inhibitor com-
plex (ideally negligible). In a simple mixed inhibition
scheme, the apparent Km and Vmax at a certain inhibitor
concentration [I] are given by:

Kapp
m ¼Km

1þ I½ �
Ki

1þ I½ �
αKi

Vapp
max ¼Vmax

1þβ
I½ �

αKi

1þ I½ �
αKi

, ð1Þ

where Ki and αKi are the inhibition constants for the
substrate-free enzyme (equivalent to the dissociation con-
stant of the enzyme-inhibitor complex) and the substrate-
bound enzyme (equivalent to the dissociation constant of
the enzyme: substrate-inhibitor interaction, with α < 1
and α > 1 reflecting positive and negative substrate-
inhibitor cooperativity, respectively), and β accounting
for the residual activity of the ternary complex. At very
high inhibitor concentration, this becomes:

Kapp
m ¼Km α

Vapp
max ¼Vmax β

: ð2Þ

Consequently, a non-zero β factor results in incomplete
inhibition even at high inhibitor concentrations. In fact,
this is what we observed despite a clear dose–response
effect in the in vitro inhibitory experiments (see
Figure 5). However, the heterogeneity of the substrate
BODIPY-casein complicates interpretation due to the
presence of many different cleavage sites at varying quan-
tities, resulting in a complex behavior of both enzyme
and inhibitor. Thus, we verified the inhibitory capacity of
the selected compounds in a cell-based assay by monitor-
ing E-cadherin processing. The three compounds (C-4,
C-9, and C-10) diminished the efficacy of BFT-3 for cleav-
ing E-cadherin (see Figure 7) at concentrations lower
than their estimated CC50 (see Figure 6).

Furthermore, additional evidence for target engage-
ment and the allosteric mode of inhibition was
obtained by X-ray crystallography. Obviously, crystalli-
zation of the partially unfolded zinc-free (pro)BFT-3
would be impossible, potentially explaining the need of
ZnCl2 for crystallization. But as the identified com-
pounds also bind to the zinc-bound state of (pro)
BFT-3, we eventually succeeded in the determination
of the complex structures with all three compounds
(C-4, C-9, and C-10). The structures revealed that the
ligands bound into the same pronounced pocket at the
upper rear of the CD. Notably, despite the exosite being
located away from the active site, inhibitor binding
leads to a destabilization of the active site, as evidenced
by reduced zinc occupancies and increased tempera-
ture factors.
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To conclude, BFT-3, together with the other two iso-
forms BFT-1 and BFT-2, is the only known virulence fac-
tor in ETBF, causing barrier disruption and
inflammation of the colon during infection, and it is over-
expressed in the mucosa of inflammatory bowel disease
and colorectal cancer patients. Using extensive com-
pound screening, biophysical assays, in vitro and cell-
based activity assays, and X-ray crystallography, we iden-
tified three FDA-approved small molecule drugs, namely
flumequine (C-4), foliosidine (C-9), and hesperetin (C-
10), that target and inhibit BFT-3 in a dose-dependent
manner. They show great promise to be either directly
repurposed for preventive or therapeutic treatment of
B. fragilis chronic infection, diminishing the risk of
inflammation and colorectal cancer development, or,
given their small molecular mass, to be further optimized
to improve their affinity, selectivity, or bioavailability.

4 | MATERIALS AND METHODS

4.1 | Protein expression and purification

The proBFT-3 enterotoxin precursor (residues A18-D397;
UniProt access code O86049) was cloned in the pET-
28-based pCri-8a expression vector,43 which attaches a
fusion protein with a TEV-cleavable N-terminal His6-
tag.9 Small-scale E. coli BL21 (DE3) cell cultures were
grown in LB/kanamycin (50 μg/ml) at 37�C overnight
and used to inoculate large-scale 6-L cultures of
LB/kanamycin (50 μg/ml), which were incubated at 37�C
until OD600 ≈ 0.6. Protein expression was induced with
1 mM isopropyl 1-thio-β-D-galactopyranoside at 18�C
overnight. Cells were harvested by centrifugation at 4�C
for 10 min at 20,000g in an Avanti J-26 XP Centrifuge
(Beckman Coulter) and resuspended in lysis buffer
(500 mM NaCl, 20 mM Tris-HCl, pH 7.4). Cells were
lysed by sonication (Sonics Vibra-Cell Ultrasonic Liquid
Processor) on ice, after adding 20 U/ml benzonase
(Merck-Millipore) and 0.5 mg/ml lysozyme (Carbosynth).
Cell debris was removed by centrifugation at 4�C for
10 min at 10,000g. Supernatants were clarified by subse-
quent filtration (0.45 μM-pore membrane) and subjected
to affinity chromatography purification in an ÄKTA
FPLC System (GE Healthcare Life Sciences) using a
cobalt HiTrap TALON column (GE Healthcare Life Sci-
ences) and applying an imidazole gradient (10–250 mM).
Purity was assessed by SDS-PAGE, and pure protein frac-
tions were pooled and dialyzed to remove imidazole
(150 mM NaCl, Tris-HCl 20 mM, pH 7.4). Protein con-
centration was quantified using the theoretical extinction
coefficient (54,780 M�1/cm) at 280 nm. Zinc-free protein
was obtained by adding EDTA at a concentration not

higher than 1 mM. Whenever required, mature active
BFT-3 was obtained from proBFT-3 by activation with
trypsin (PAN-Biotech GmbH) added at a 1:100 mass ratio
and incubated at room temperature for 3 hr.

4.2 | CD and fluorescence spectrometry

Circular dichroism spectra were recorded in a
thermostated Chirascan spectrometer (Applied Photo-
physics), using a quartz cuvette of 0.1-cm path length
(Hellma Analytics) and selecting a bandwidth of 1 nm, a
spectral resolution of 0.5 nm, and a response time of 5 s.
Temperature was controlled by a Peltier unit and moni-
tored using a temperature probe. Assays were performed
in the far-UV range (190–260 nm). Protein concentration
was set to 10 μM.

Fluorescence spectra were collected in a Cary Eclipse
spectrofluorometer (Agilent) interfaced with a
thermostated multicell holder (Peltier). The slit widths
were 5 nm for both excitation and emission wavelengths.
An extrinsic probe (8-anilino-1-naphthalene sulfonic
acid, ANS) was employed to assess the solvent-exposed
molecular surface, using an excitation wavelength of
370 nm and recording the emission spectrum from 400 to
600 nm. Assays were carried out at 25�C in a quartz cell
of 1-cm path length (Hellma Analytics). proBFT-3 con-
centration was set to 2 μM and ANS concentration was
set to 100 μM. All measurements were performed in
150 mM NaCl, 20 mM Tris-HCl, pH 7.0, without or with
1 mM EDTA to remove the catalytic zinc from the
protein.

4.3 | Differential scanning fluorimetry

The thermal stability of proBFT-3 and its modulation by
zinc binding was assessed by DSF in a Mx3005p real-time
qPCR device (Agilent). The fluorescence emission inten-
sity of the extrinsic fluorophore SYPRO Orange Protein
Gel Stain (Thermo Fisher Scientific) was recorded as a
function of temperature in 150 mM NaCl, 20 mM Tris-
HCl, pH 7.0, at a scanning rate of 1�C/min using an exci-
tation and an emission wavelength filter of 496 and
610 nm, respectively. These were the closest available to
the theoretical values of the fluorophore (491 and
586 nm). SYPRO Orange binds to solvent-exposed hydro-
phobic patches on the protein surface upon protein
unfolding, thusly undergoing a fluorescence quantum
yield enhancement with increase of the fluorescence
intensity.43–45 In order to deplete the protein of zinc and
get the apozymogen or apoenzyme, 200 μM EDTA was
added. Data analysis of the experimental data considered
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a single unfolding transition model and provided relevant
thermodynamic stability parameters, viz. the unfolding
temperature, Tm, and the associated unfolding enthalpy,
ΔH(Tm).

4.4 | Chemical library

The Prestwick Chemical Library (Prestwick Company),
consisting of a set of 1,120 FDA-approved drugs selected
for providing large chemical and pharmacological diver-
sity, was supplied with compounds dissolved in 100%
dimethyl sulfoxide (DMSO) at a concentration of 4 mM.
Information on their bioavailability, as well as toxicity
and safety in humans, is available from the
manufacturer.

4.5 | Experimental ligand screening

Potential ligands for proBFT-3 were identified from the
Prestwick Chemical Library following an experimental
screening procedure based on the TSA by DSF, which
detects ligand-induced protein stabilization against ther-
mal denaturation,44–47 in a FluoDia T70 fluorescence
microplate reader (Photon Technology International).
The procedure was similar to that employed previously
for identifying small-molecule inhibitors of Helicobacter
pylori flavodoxin48 and the intrinsically disordered DNA-
binding protein NUPR1,49 as well as to find pharmaco-
logical chaperones for human phenylalanine hydroxy-
lase.50 Furthermore, as proBFT-3 is a zinc-dependent
protein, we employed a modified version of the screening
procedure tailored to the identification of potential
ligands of the zinc-free conformational state as previously
described for the NS3 protease from hepatitis C virus.26

Briefly, 100 μl volumes containing 1 μM proBFT-3,
100 μM tester compound, and 1X SYPRO Orange in
150 mM NaCl, 5 mM EDTA, 20 mM Tris-HCl, pH 7.4
were dispensed into 96-well microplates (ThermoFast
96 skirted plates, Thermo Scientific). Each reaction vol-
ume contained 2.5% DMSO from the tester stock solu-
tions. Thus, control samples of proBFT-3 with 2.5%
DMSO were routinely included in each microplate. Solu-
tions were overlaid with 20 μl mineral oil to prevent
evaporation and incubated at 25�C for 30 min. Thermal
unfolding curves were registered from 25 to 75�C in 1�C
steps by monitoring the fluorescence. We used excitation
and emission wavelength filters (470 and 570 nm, respec-
tively) that were the closest available to the theoretical
values of the fluorophore (491 and 586 nm). Thermal
equilibrium was achieved at each temperature by
accounting for an equilibration time of 1 min before each

measurement, which corresponded to an operational
heating rate of �0.25�C/min. Hits were identified as
those increasing the temperature unfolding temperature
Tm at least 3�C compared to the internal controls in each
microplate.

4.6 | Isothermal titration calorimetry

The interaction of selected compounds with proBFT-3
was assessed with a high-sensitivity isothermal titration
calorimeter Auto-iTC200 (MicroCal, Malvern-Panalyti-
cal). Experiments were performed at 25�C in 150 mM
NaCl, 20 mM Tris-HCl, pH 7.4, and 1 mM EDTA was
added for experiments with zinc-free protein. The protein
solution at �20 μM was titrated in the calorimetric cell
with compound solution at �300 μM through a series of
19 injections of 2 μl, with a stirring speed of 750 rpm and
a reference power of 10 μcal/s. The heat evolved after
each ligand injection was obtained from the integration
of the calorimetric signal. The heat due to the binding
reaction was obtained as the difference between the reac-
tion heat and the corresponding heat of dilution, the lat-
ter estimated as a constant value throughout the
experiment, and included as an adjustable parameter in
the analysis. Control experiments (compound injected
into buffer) were performed under the same experimental
conditions in order to observe potential unspecific phe-
nomena (e.g., solution composition mismatches or self-
association of compounds). The enthalpy change, ΔH,
and the association constant, Ka, of the binding reaction
were obtained through nonlinear least-squares regression
data analysis of the experimental data applying a model
considering a single ligand binding site in the protein.
Uncertainties for estimated parameters were calculated
according to asymmetric profile likelihood confidence
intervals.51 Experiments were performed in replicates
and data were analyzed using in-house developed soft-
ware implemented in Origin 7 (OriginLab).

4.7 | Ιn vitro inhibition of BFT-3 activity

To evaluate the activity of BFT-3 and the inhibitory effect
of the tester compounds, proteolytic assays were per-
formed using BODIPY-casein as the substrate (EnzChek
Protease Assay Kit; Thermo Fisher Scientific) according
to the manufacturer's instructions. Briefly, proBFT-3 at a
concentration of 3 μM in 150 mM NaCl, 20 mM Tris-
HCl, pH 7.4, was first activated by adding trypsin (PAN-
Biotech GmbH) at a 1:100 M ratio in a final volume of
50 μl and incubated for 3 hr at room temperature. Then,
twofold serial dilutions of each compound were made
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from an initial concentration of 3 mM compound in 7%
DMSO, 0.1 mM NaN3, 10 mM Tris-HCl, pH 7.8, and
50 μl of each dilution were added to the protein sample
and subsequently incubated for 1–2 hr. Subsequently,
50 μl substrate were added to each protein-compound
sample, and the fluorescence intensity was recorded
(excitation/emission: 492/516 nm, the available wave-
lengths closer to the recommended 505/513 nm for the
substrate) for 1 h at 37�C in a Stratagene Mx3005P Real-
time PCR instrument (Agilent Technologies). Control
experiments featuring proBFT-3 without trypsin activa-
tion, trypsin, and buffer alone were performed under the
same experimental conditions.

4.8 | Cell viability assays

Cellular cytotoxicity of the selected compounds was
assessed in HT-29 (human colon adenocarcinoma) and
HeLa (human cervix epithelioid carcinoma) cells
obtained from ATCC and maintained in Dulbecco's Mod-
ified Eagle's Medium (DMEM; PAN-Biotech GmbH) sup-
plemented with 10% FBS (Fetal Bovine Serum), 1%
penicillin/streptomycin, and 1% NEAAs (non-essential
amino acids) at 37�C with 5% CO2. Cells were plated and
incubated for 48 hr in 96-well plates (8,000 cells in 100 μl
per well for HeLa cells; 9,000 cells in 100 μl per well for
HT-29 cells) with FBS-supplemented DMEM without
phenol red (PAN-Biotech GmbH). Twofold serial dilu-
tions of compounds were added to the cells up to a maxi-
mal concentration of 400 μM and incubated for 48 hr.
The cytotoxicity, measured as cell viability, was assayed
with the CellTiter 96 AQueous One Solution Cell Prolif-
eration Assay Kit (Promega). To this aim, 20 μl of CellTi-
ter buffer, diluted 1:4 in FBS-supplemented DMEM
without phenol red, were added to each well of the
96-well assay plates containing the samples. The plates
were incubated at 37�C for 2 hr in humidified atmo-
sphere with 5% CO2, and absorbance was recorded at
490 nm, with background correction at 800 nm. The
readout was directly proportional to the number of living
cells in the culture. Each condition was assayed in tripli-
cate and experiments were repeated at least two times.

4.9 | In cell BFT-3 activity inhibition

Western-blot assays were performed to detect E-cadherin
in cell samples to monitor the inhibitory capacity of tester
compounds on processing by proBFT-3. HT-29 cells were
seeded in 24-well plates (90,000 cells in 500 μl per well)
with FBS-supplemented DMEM without phenol red.
After 48 hr, proBFT-3 was incubated with or without

tester compounds in phosphate-buffered saline (PBS) for
3 hr. Then, DMEM without phenol red was added to the
sample to a final proBFT-3 concentration of 25 nM. Cell
media was removed from each well and the proBFT-3 or
proBFT-3/compound solution was added to the cell cul-
ture. Of note, in the absence of inhibitor, proBFT-3 is
expected to be either activated autoproteolytically or by a
secreted protease from the cells. After 24 hr, cell lysates
were obtained using cold radioimmunoprecipitation
assay buffer (RIPA), which contains inhibitors of prote-
ases and phosphatases. Samples were incubated on ice
for 15 min to obtain protein extracts, which were diluted
into Laemmli loading buffer. Samples were heated to
95�C for 5 min and subjected to 10% SDS-PAGE in a
Mini-PROTEAN system (Bio-Rad) operated at 140 V. Pro-
teins were transferred to a PVDF membrane using Mini-
PROTEAN adaptors under wet and cold conditions at
400 mA for 60 min. Membranes were then blocked with
5% non-fat dry milk in Tris-buffered saline (TBS) at room
temperature for 1 hr and incubated overnight at 4�C with
the respective primary antibody (E-cadherin Antibody or
GAPDH Antibody, Table S1), previously diluted 1:2,500
with blocking solution supplemented with 0.1% Tween
20 (TBS-T). After three washes with TBS-T, membranes
were incubated with the secondary antibody (previously
diluted 1:10,000 with TBS-T), which was marked with
Alexa Fluor Plus 647 (Table S1) fluorescence label, at
room temperature during 1 hr. After three further
washes, the signal was recorded in a ChemiDoc Gel
Imaging System (Bio-Rad).

4.10 | Protein crystallization

proBFT-3 protein was concentrated to 10–15 mg/ml using
Vivaspin 20 centrifugal concentrators of 10-kDa molecular-
mass cutoff (Sartorius, PES), and polished using a Superdex
S200 gel filtration column connected to an ÄKTA Purifier
10 (GE Healthcare Life Sciences) with 50 mM NaCl,
20 mM Tris-HCl, pH 8.0, as running buffer. Peak fractions
were pooled and re-concentrated to �10 mg/ml, flash fro-
zen in liquid nitrogen as 50-μl aliquots, and stored at
�80�C until further use. High-throughput crystallization
screenings were performed using a Phoenix dispenser robot
(Art Robbins Instruments) in sitting-drop vapor-diffusion
setup by mixing 100 nl of protein with 100 nl of reservoir
solution. Commercial crystallization screens including
JCSG+, PACT Premier, BCS, and LFS (all from Molecular
Dimensions), and PEGRX, SaltRX, and Index Screen (all
from Hampton Research) were used in duplicate setups to
allow for incubation at 20 and 4�C in Bruker AXS Crystal
Farms. Initial crystallization hits were subsequently opti-
mized by hand and upscaled to 0.5-μl drops using standard
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two-dimensional grid screening in sitting-drop vapor diffu-
sion format.

Suitable crystals of unbound proBFT-3 in a new
ORTH space group (NATI_ORTH) and in complexes
with inhibitors C-4, C-9, and C-10 in ORTH or TETR
space groups were obtained at 4�C from drops of 0.5 μl of
protein solution (at 7.9 mg/ml in 50 mM sodium chlo-
ride, 20 mM Tris-HCl, pH 8.0, supplemented with 5 μM
ZnCl2 and 400 μM of the respective inhibitor) and 0.5 μl
of reservoir solution. The final crystallization conditions
were 18% PEG 3350, 0.2 M MgHCOO, pH 5.9 for
NATI_ORTH; 20% PEG 3350, 0.2 M (NH4)2SO4 for the
C-4 TETR complex; 14% PEG 3350, 0.2 M MgCl2, and
25% PEG 3350, 0.1 M Bis-Tris, pH 5.5, 0.2 M
NH4CH3COO, for the C-9 TETR and ORTH complexes,
respectively; and 22% PEG 3350, 0.1 M Bis-Tris–HCl,
pH 5.5, 0.2 M (NH4)2SO4 for the C-10 TETR complex. All
crystals typically appeared within 7 days, contained two
molecules per asymmetric unit, and were harvested and
cryoprotected by soaking for 15–30 s in mother liquor
supplemented with 2.5 M L-proline and 1 mM of the
respective inhibitor. Of note, all inhibitor stocks were
originally at 20 mM in 100% DMSO. Thus, crystallization
conditions and cryoprotection buffers contained 2% and
5% DMSO, respectively, in all cases.

4.11 | Structure determination and
analysis

Complete diffraction datasets of unbound and inhibitor-
bound proBFT-3 crystals were collected at beamlines i04-1
and XALOC of the Diamond and ALBA synchrotrons,
respectively. Data were integrated, scaled, merged, and
reduced using XDS52 and XSCALE,53 and transformed
with XDSCONV to the reflection file format MTZ for use
by the PHENIX,30 BUSTER/TNT,54 and CCP455 program
packages. Structures were solved by molecular replace-
ment using PHASER56 with one protomer of Protein Data
Bank (PDB) entry 3P249 as a search model. Data collection
and processing statistics are listed in Table S2. Protein-
ligand interactions were analyzed using the PLIP web tool
with default settings,57,58 and both protein–protein and
protein-ligand interaction areas were calculated using the
PDBePISA webserver.31 Molecular graphics representa-
tions were created using an open-source build of PYMOL
version 2.5 Plus: The PyMOL Molecular Graphics System,
(Version 2.5 Schrödinger, LLC).59
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