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ABSTRACT: Secreted virulence factors like bacterial collagenases are conceptually attractive targets for fighting microbial
infections. However, previous attempts to develop potent compounds against these metalloproteases failed to achieve
selectivity against human metalloproteases such as MMPs. Using an SPR-based screening complemented with enzyme
inhibition assays, we discovered an N-aryl mercaptoacetamide-based inhibitor scaffold that showed submicromolar affini-
ties towards collagenase H (ColH) from the human pathogen Clostridium histolyticum. Moreover, these inhibitors also
efficiently blocked the homologous bacterial collagenases, ColG from C. histolyticum, ColT from C. tetani and ColQ1 from
the Bacillus cereus strain Q1, while showing negligible activity towards human MMPs-1, -2, -3, -7, -8 and -14. The most
active compound displayed a more than 1000-fold selectivity over human MMPs. This selectivity can be rationalized by
the crystal structure of ColH with this compound, revealing a distinct non-primed binding mode to the active site. The
here presented non-primed binding mode paves the way for the development of selective broad-spectrum bacterial colla-
genase inhibitors with potential therapeutic application in humans.

The physiological substrate of clostridial collagenases is
collagen, the main component of the extracellular matrix
in mammals (up to 90%) 1011 g defining characteristic is
the collagen triple-helix, which is perpetuated by the tri-
plet repeat Gly-X-Y (X and Y positions are mostly occupied

Introduction

Clostridia represent a family of ubiquitously occurring
gram-positive bacteria comprising perilous pathogens
causing diseases such as botulism (Clostridium botuli-

num), gas gangrene (C. perfringens), tetanus (C. tetani) or
pseudomembranous colitis (C. difficile) "*. These toxigenic
clostridia still represent a threat to public health, as teta-
nus and clostridial myonecrosis have maintained high
mortality rates and pseudomembranous colitis is a known
severe complication of antibiotic therapy >°. Furthermore,
substantial amounts of pathogenic clostridia were cul-
tured in the last 60 years for the use as bio-weapons ’.
Consequently, massive efforts have been made aiming to
unravel the molecular basis of these life-threatening in-
fections. Nevertheless, such infections remain a major
challenge as this knowledge did not yet lead to satisfacto-
ry treatment options.

The high lethality of these bacteria is related to colla-
genases which are crucial for clostridial virulence, given
their critical role in colonization and evasion of host im-
mune defence, acquisition of nutrients, facilitation of
dissemination, or tissue damage during infection. Addi-
tionally, they might potentiate clostridial histotoxicity by
facilitating toxin diffusion >,

by proline (28%) and hydroxyproline (38%))"”. The natively
folded triple helix is highly resistant to proteolysis 1314,
Even the most prominent human collagenases, the matrix
metalloproteinases MMP-1, -2, -8, -13, -14, -18 can cleave
the triple helix only at a single site . In contrast to that,
clostridial collagenases can process collagen triple helices at
multiple sites, as the active site displays a remarkable selec-
tivity for the Gly-Pro-Y triplets 7, and they can decompose
collagen completely into small peptides ***.

The inhibition of these extracellular collagenases is con-
ceptually attractive, as it does not attack the pathogen
directly but rather blocks the colonization and infiltration
of the host by the clostridia. Thereby reducing the Dar-
winian selection pressure, targeting bacterial virulence is
considered a promising approach to combat the emerging
threat of drug resistant bacteria ****. To date, several anti-
virulence targets have been validated, demonstrating the
potential of this approach 7%, Kassegne et al. showed for
example that a collagenase knock out strain from Lepto-
spira int;errogans displayed reduced virulence in an in vivo
model **.
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Targeting extracellular enzymes provides a substantial
benefit because inhibitors do not need to cross the bacte-
rial cell wall, which has turned out to be challenging in
many cases . Consequently, bacterial collagenases
represent prime targets for an effective therapy against
clostridial and bacillary infections ®93*3,

Clostridial collagenases are zinc metalloproteinases of
~15 kDa with a multi-domain organization, homologues
of which are also found in many bacilli. The mature pro-
tein harbors an N-terminal collagenase unit of ~78 kDa,
which is the minimal collagenolytic entity, followed by a
varying composition of two to three accessory domains,
which are thought to be involved in collagen swelling and
binding to fibrillar collagen 3*3*. The collagenase unit is
composed of the activator domain and the peptidase
domain **. The peptidase domain harbors the catalytic
zinc ion, which is coordinated by the two histidines of the
canonical zinc-binding HEXXH motif, and a downstream
glutamate ****>3* The glutamate residue in the HEXXH
motif acts as the general acid/base, which polarizes the
catalytic water essential for catalysis. This polarized water
molecule performs the nucleophilic attack, while the zinc
ion serves as an oxyanion hole to the carbonyl oxygen of
the scissile peptide bond *.

Several groups have been working on the development
of clostridial collagenase inhibitors in the past, focusing
on the collagenases G (ColG) and H (ColH) from C. histo-
Ilyticum. In this context, besides the identification of ac-
tive compounds from Viola yedoensis ®, inhibitors based
on sulfonylated derivatives of L-valine hydroxamate *
have been synthesized as well as sulfonyl aminoacyl hy-
droxamates *°. Furthermore, compounds incorporating 5-
amino-2-mercapto-1,3,4-thiadiazole zinc binding func-
tions *, arylsulfonyl-ureido and s5-dibenzo-suberenyl/
suberyl ¥ or succinyl hydroxamate and iminodiacetic acid
hydroxamate moieties ** have been described. These in-
hibitors follow the classic architecture of metalloprotease
inhibitors with a backbone that mimics the natural sub-
strate, which is connected via a linker to a zinc-binding
group that chelates the catalytic zinc ion and, thereby,
expels the essential catalytic water molecule from the
active site *°°. These inhibitors were developed as sub-
strate analogues and/or designed based on inhibitors for
other metalloproteases that share the HEXXH motif *,
like thermolysin or MMPs *+75*5%  Unfortunately, the
synthetic clostridial collagenase inhibitors are not selec-
tive, inhibiting clostridial collagenases and MMPs alike
#445474855°5759°01  Therefore, they are not suitable for an
antibacterial therapy in humans. Consequently, novel and
more effective drug candidates are urgently needed.

Efforts to design selective inhibitors were hampered by
the lack of high-resolution structural data on clostridial
collagenases until 20mn. The first crystal structures re-
vealed that although there is no significant sequence
homology between the peptidolytic domains of clostridial
collagenases and MMPs, their active sites share a similar
catalytic zinc ion-binding geometry and the canonical
non-prime site substrate-recognition motif, the edge
strand .

In this study, we wanted to capitalize on the recent crys-
tal structures of the peptidase domains of three clostridial
collagenases *** with the aim to rationally develop small
organic molecules targeting collagenase ColH from C.
histolyticum. In the following we describe the discovery of
inhibitors which are highly active and selective for clos-
tridial collagenases over MMPs and have the potential to
be further optimized for a future therapeutic application
in humans. Their selectivity can be rationalized on basis
of a co-crystal structure of the peptidase domain of ColH
in complex with an inhibitor, revealing a distinct non-
primed binding mode of the inhibitor to the active site.

Results and Discussion

Discovery of new inhibitory scaffold. To discover
new low-molecular-weight inhibitory compounds, a fo-
cused protease inhibitor library was screened with a sur-
face plasmon resonance (SPR)-based binding assay using
the amine-coupled peptidase domain of ColH (ColH-PD)
as ligand. To ensure the integrity of ColH-PD after immo-
bilization, the collagenase-specific peptidic substrate N-
(3-[2-furyl]acryloyl)-L-leucyl-glycyl-L-prolyl-L-alanine
(FALGPA) ® was used as positive control (Figure Sia). A
total of 1,520 structurally diverse small molecules with an
average MW of 389 + 78 Da was screened at 100 pM.
Compounds showing a molecular weight-normalized
response higher than that of 500 uM FALGPA (i.e. 35
HRIU) were classified as hits. The SPR screen resulted in
202 primary hits. 19 compounds were excluded from the
subsequent testing as known promiscuous inhibitors %,
resulting in a hit rate of 12.0% (Figure S2).

The secondary functional screening assessed the poten-
tial of the 183 SPR hits to inhibit the peptidolytic activity
of ColH-PD using a custom-made FRET substrate. Typi-
cally, the FALGPA ® and Wiinsch ** assays are used to
characterize the activity of clostridial collagenases due to
their easy setup and commercial availability next to their
specificity for these enzymes °*. However, the low
binding affinity of these peptides together with their low
signal-to-noise ratios severely limits the sensitivity of
these assays. Consequently, substantial amounts of en-
zyme and substrate are needed in characterization studies
(e.g. Ky-values for FALPGA are in the mM range ). To
facilitate our screening process, we designed and synthe-
sized a decapeptide (Mca-Ala-Gly-Pro-Pro-Gly-Pro-Dpa-
Gly-Arg-NH,) to be used as a substrate for a FRET-based
assay. Its sequence was based on the detailed profile of
the primed and non-primed cleavage site specificity of
clostridial collagenases as determined by Proteomic Iden-
tification of protease Cleavage Sites (PICS) recently 7%,
The assay sensitivity was increased by several orders of
magnitude compared to the FALGPA assay by the applica-
tion of the FRET technology ®”. The Ky value of this
substrate is 62 + 8 pM for ColH-PD. The 183 SPR binders
were screened at a final concentration of 40 pM. The
inhibitor isoamylphosphonyl-Gly-Pro-Ala (Figure Sib)
was used as positive control in the assay *. In sum, the
SPR-based and activity-based screenings led to six func-
tional hits (>25% inhibition) with molecular weights rang-
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ing from ~ 210 to ~ 385 Da (Figure S3). The two most ac-
tive inhibitors in this assay were mercaptoacetamides 1
and 2 (Table 1). Compound 2 led to a similar inhibition of
ColH-PD in vitro as isoamylphosphonyl-Gly-Pro-Ala both
at 40 pM, i.e. 82 + 3 % and 81 + 1%, respectively.

Dose-response studies revealed an IC;, value of 1.9 + 0.3
MM for this compound, while the non-substituted aniline
derivative 1 showed lower activity towards ColH-PD (IC,,

Journal of the American Chemical Society

25 + 6 puM). Our further hits showed considerably weaker
inhibition and, in one case, proved to be incompatible
with the FRET-assay at high concentration. The high
potency of the N-aryl mercaptoacetamides combined with
their relatively low molecular weight encouraged us to
investigate this promising compound class further in
order to improve the inhibitory activity.

Table 1. IC,, values of mercaptoacetamide compounds for ColH-PD.

H
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Compound R IC,, (LM) Compound R 1G5, (UM)
: jog
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oy o
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o]
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O
% cl
3 0.010 * 0.002 9
O
'Yﬂj T
4 O 0.044 * 0.007 10 23+3
0]
5 /©/ 0.071 + 0.009 11 26 4
\O O/
% 23
6 /©/ 0.12 * 0.01 12 31+7
Cl

Characterization of mercaptoacetamide hits. 36 de-
rivatives of this compound class were purchased (Table 1,
3 and Table S1). Six derivatives showed improved inhibi-
tion compared to 2 (3-8). Generally, the introduction of
functional groups in para-position to the aniline turned
out to be favorable, considering the striking loss of activi-
ty of ortho-methoxy-substituted compound 11 compared
to its para-analogue 5 (ortho-effect), and ortho-chloro-
substituted compound 12 compared to its para-analog 7.
The superior performance of para-derivatives was also
evident regarding the 100-fold decrease in IC, of 7 com-
pared to its meta-chloro-substituted counterpart 9. In

comparison to the unsubstituted compound 1, meta-
substituted compounds 9 and 10 showed no significant
improvement in ICy,. Removal of the 3-methyl-group of
compound 2 even led to a 16-fold decreased IC,, (com-
pound 6), suggesting that the meta-substitution is not
beneficial for ColH inhibition.

Regarding electronic properties of our hits it becomes
apparent that the best compounds 3-5, displaying IC,,
values in the two-digit nanomolar range, bear oxygen-
containing groups with hydrogen bond accepting proper-
ties.
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Selectivity against MMPs and broad-spectrum inhi-
bition of other bacterial collagenases. To determine
the selectivity of our compounds towards clostridial and
bacillial collagenases on the one hand, and MMPs on the
other, selected compounds (3 and 7, Figure 1) were tested
using in vitro inhibition assays with ColH-PD and the
peptidase domains of ColT (ColT-PD), the collagenase
units of ColG (ColG-CU) and of ColQ1 (ColQi1-CU) as well
as the catalytic domains of MMP-1, -2, -3, -7, -8 and -14.
The hydroxamate-based peptidomimetic batimastat (Fig-
ure Sic) is a highly potent and unselective inhibitor of
MMPs " and was used as a positive control. MMPs are
highly similar to each other in their active-site topology,
which has made the development of selective active-site
directed MMP inhibitors a challenging task 77. The S’
binding site is the major specificity determinant in MMPs.
Based on the S1’ site, the MMPs are typically divided into
deep, intermediate and shallow St’ binding pocket groups
(e.g. deep: MMP-3, -12, -14; intermediate: MMP-2, -8 and -
9; shallow: MMP-1, and -7) 7. Therefore, we chose a panel
of MMPs to investigate the binding of our compounds to
all three St’ pocket types. In line with published results 7,
batimastat displayed IC,, values below 10 nM for all of
these MMPs (Table S2). As expected from this broad-
spectrum zinc metalloproteinase inhibitor, batimastat
also inhibited ColH-PD, ColT-PD, ColG-CU and ColQi-
CU (Figure S4). Intriguingly, compounds 3 and 7 resulted
in no or negligible inhibition of the tested MMPs (Figure 1
and Figure Ss). Only in case of MMP-2, we observed 25%
inhibition at 100 pM compound 3, while ColH-PD was
efficiently inhibited, showing less than 10% residual activ-
ity. Thus, we observed a more than 1,000-fold selectivity
of these two compounds for ColH over MMPs. Strikingly,
the clostridial collagenase homologues ColG and ColT,
and the bacillial collagenase ColQ1 were even more effi-
ciently inhibited, showing 5% or less residual activity
when treated with 100 pM of compound 3 or 7. A similar
compound scaffold had been reported by Zhu et al. to
inhibit LasB, an extracellular elastase from Pseudomonas
aeruginosa . In sum, these findings showed that the N-
aryl mercaptoacetamide-based inhibitors are not only
selective against MMPs, but are also potent broad-
spectrum inhibitors of bacterial collagenases.

100 m=m 100 uM compd. 3

= 100 uM compd. 7

Residual activity (%)
o
=]
L

Figure 1. Inhibition of selected MMPs and bacterial
collagenases by N-aryl mercaptoacetamide compounds 3 and

7.

Crystal structure of the peptidase domain of ColH
in complex with compound 3. To rationalize the bind-
ing mode of the N-aryl mercaptoacetamide-based inhibi-
tors, we aimed to solve the crystal structure of ColH-PD
in complex with compound 3. The structure was deter-
mined at 1.87 A resolution with all residues being defined
in the electron density at excellent geometric and crystal-
lographic parameters (Table S3). The overall topology of
the peptidase domain showed the expected thermolysin-
like fold. The average root-mean-square displacement
(RMSD) of backbone atoms between the structure of the
apo-peptidase domain and the peptidase domain in com-
plex with isoamylphosphonyl-Gly-Pro-Ala were 0.133 A
and 0.123 A, respectively. The peptidase domain of ColH is
divided horizontally by the active-site cleft into an upper
N-terminal and a lower C-terminal subdomain. Substrates
can bind to the active-site cleft from the left (non-primed
side) to the right (primed side) when viewed in standard
orientation ”°. Central elements of the N-terminal subdo-
main (NSD) are the active-site helix, and a mixed five-
stranded {3-sheet. The zinc-binding motif HEXXH, which
provides the two zinc-coordinating histidines and the
general acid/base glutamate, is located in the active-site
helix (Figure 2). The lowermost f3-strand of the mixed f3-
sheet shapes the upper perimeter of the active-site cleft,
the edge strand. The edge strand interacts in an antiparal-
lel manner with the substrate predominantly on the non-
primed side 3777, The third zinc ligand is a glutamate

residue, located on the glutamate helix of the C-terminal
subdomain (CSD). The insertion of 30 residues between
the HEXXH motif and this glutamate residue shapes (i)

the non-primed side of the active-site cleft, and (ii) a
34,4177

calcium-binding site crucial for enzymatic activity

Figure 2. Peptidase domain of ColH in complex with the
hydrolysis product of compound 3. Close-up view of the
active site in ball-and-stick representation. The inhibitor
(blue) is shown in sticks with the maximum likelihood
weighted 2Fo - Fc electron density map contoured at 1 6. The
catalytic zinc ion (dark grey), the calcium ion (green) and
water molecule (red) are shown as spheres. The Si’ site
formed by Gly425 and Gly426 in the edge strand (shown in
dark grey sticks) is indicated.

A well-defined electron density was observed for the
ligand bound in the active site. The structure of com-
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pound 3 could be clearly modelled into the density (Fig-
ure 2), except for the carbamoyl unit of the thiocarbamate
moiety. Instead, the electron density showed the sulfur
atom coordinating the catalytic zinc ion, suggesting that
the thioester group had been hydrolyzed in the co-
crystallization process. This result prompted an investiga-
tion of our newly discovered class of inhibitors with par-
ticular emphasis on the stability of the thiocarbamate
function in aqueous buffers such as the buffer system of
the functional assay and the crystallization buffer.

Stability of the thiocarbamate unit. Two inhibitors
with major differences in potency (7, 12) were selected
and the hydrolytic formation of the corresponding free
thiol was analyzed by liquid chromatography-mass spec-
trometry (LC-MS). Free thiols were synthesized as refer-
ences for the stability assay. The conversions of com-
pounds 7 and 12 into compounds 14 and 15, respectively,
proceeded rapidly in 10 mM HEPES, pH 7.5 at 22.5°C, with
thiocarbamate half-lives of 26.8 + 1.4 min (7) and 20.6 *
0.9 min (12, Figure 3). These results corroborated that the
inhibition of thiocarbamates 1-12 was predominantly due
to the respective free thiols. Considering the preparation
time and the pre-incubation time of one hour for each
compound with ColH-PD before the functional assay was
started by addition of the substrate the thiocarbamates
were quantitatively converted within the time frame of
the experiment. Thiol formation was also demonstrated at
pH 6.4, corresponding to the buffer used for co-
crystallization (Figure S6).

a
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Figure 3. Conversion of thiocarbamates 7 and 12 into the
respective corresponding free thiols. (a) Compound 7 into 14,
(b) Compound 12 into 15. Time course of hydrolysis in 10 mM
Hepes pH 7.4 (10% methanol) at 22.5°C was monitored by
LC-MS, showing conversion into corresponding thiol and to
minor extent into another compound which is most likely
the disulfide oxidation product 7°.
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Confirmation of thiol as active compound. To fur-
ther substantiate these findings, we followed two different
strategies. First, we studied the inhibitory activities of the
free thiols 13-15. Thus, we determined the IC,, values of
the free thiols 13-15 with ColH-PD in presence of the re-
ducing agent TCEP. The resulting IC,, values of 0.017, 0.21
and 40 pM corresponded well with o.010, 0.19 and 31 pM
of the thiocarbamate analogues (Table 1 and Table 2).

Table 2. Inhibition of ColH-PD by thiol compounds in the
presence of 5 mM TCEP.

Compound R IC, (uM)
3 0.017 +
0.002

14 0.21 % 0.01
15 409

The results of the MMP and bacterial collagenase inhi-
bition assays could also be reproduced using the thiol
compounds, with 13 and 14 demonstrating a similarly high
selectivity against MMPs and a broad-spectrum inhibition
of bacterial collagenases (Figure 4).

)
-
o
o
1

100 yMcompd. 13

80-{==== 100 pMcompd. 14 §
Il
NN N B

Residual activity (%
-
1=}
1

404
20+
ol
Q N O O VD X
N ORI e
FSFSHF ST T IIE

Figure 4. Inhibition of selected MMPs and bacterial
collagenases by thiol compounds 13 and 14.

As a second strategy, we aimed to synthesize a structur-
al analogue of compound 1 lacking the hydrolytically
instable thioester motif. The formal replacement of the
sulfur atom with a methylene group led to the carbox-
amide analogue 16, which was prepared and tested for its
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inhibitory activity towards ColH-PD (Figure 5). Com-
pound 16 was devoid of any activity even at 1000 pM. This
demonstrated that the carbamoyl moiety in 1 does not
contribute to target binding, but is just part of a prodrug-
like structure which furnishes the corresponding bioac-
tive thiol by chemical hydrolysis.

’ 0
NNNHz
O
16

no inhibition (ColH-PD) @ 1000 uM

Figure 5. Structure and inhibitory activity of the non-
hydrolyzable carboxamide analogue 16.

Table 3. Structure and activity of dithiocarbamates.

Inhibition
ati1oo pM
(%)

R
T L /©/ oo
7 o inhibition
no
18 /©/ inhibition
Br

Compound

1 no
9 inhibition
2 LLLL no
o inhibition
F
21 \[(©/ 12+3
(0]

Further in line with our findings, dithiocarbamates 17-21
(Table 3) were inactive towards ColH-PD. LC-MS experi-
ments with the dithiocarbamate analogue of our best hit 3
showed no formation of free thiol 13 within the time

frame of our assay, explaining the inactivity of these de-
rivatives by stability towards hydrolysis (Figure S7).

In addition, the thermodynamic profile of the interac-
tion between compounds 7 and 14 and ColH-PD was de-
termined. As expected, isothermal titration calorimetry
(ITC) measurements resulted in very similar affinities and
free energy values, resulting from the hydrolysis of 7 to
furnish thiol 14 (Table 4). Compound binding to ColH-PD
turned out to be enthalpy-driven. In sum, the findings
from the stability assay, the in vitro assay and the ITC
data confirmed the thiols as active compounds in our
enzyme inhibition assay.

Table 4. ITC and IC,, results of the thiocarbamate-thiol pair
7 and 14.

Compound 7 14
ICy, (UM)® 0.19 + 0.02 0.21+ 0.01
Kp (pM)b 0.309 * 0.045 0.360 * 0.038
AG (kcal mol™)® -8.9+ 0.1 -8.8+0.1
AH (kcal mol™)® -12.7 £ 1.2 -15.4 = 0.3
-TAS (kcal mol™)” 3.8+13 6.6+ 0.4
Nb© 0.54 * 0.05 0.48 + 0.03

“IC, refers to the functional FRET-assay.
® Results are from at least two independent measurements.

© The low stoichiometry could be explained by incomplete
zinc occupation of the active sites *'.

Cytotoxicity test. Regarding the potential therapeutic
use of our compounds in humans we investigated the
cytotoxic properties of selected N-aryl mercaptoacetam-
ides. Cytotoxicity tests using HEP G2 cells showed com-
pounds 13 and 14 to display low cytotoxicity, comparable
to the marketed antibiotic rifampicin (Table 5), while
doxorubicin as control showed the expected cytotoxic
effect. These findings underline the potential of our com-
pounds for the development of novel anti-infectives.
Table 5. Cytotoxicity of 13, 14 and three reference com-
pounds in HEP G2 cells.

Compound Concentration R.edl.lcltion of
(M) viability (%)
13 100 17 12
“4 100 28 £ 12
Rifampicin 100 29+5
Doxorubicin 1 50+5
Batimastat 100 137

Zinc coordination by a thiolate. The identification of
the thiol as active compound in our functional assays was
in excellent agreement with the crystal structure analysis
which demonstrated that only a sulfur atom, to be precise
a thiolate, was coordinating the catalytic zinc ion. To
validate our conclusions on the protonation state of the
sulfur atom, we calculated the pK, values for the thiol
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group resulting from the hydrolysis of thiocarbamate 3 in
solution and when bound to the active site using the
Molecular Operating Environment (MOE) software *°.
The pK, of the thiol group was strongly lowered from 9.0
in the solvent to 3.1 by the direct coordination to the zinc
ion. This suggests that the thiol is fully ionized to the
thiolate form in both the activity assay and the crystalliza-
tion experiment upon binding to the active site.

Binding mode of the N-aryl mercaptoacetamide
compound to the active site of ColH-PD. The hydroly-
sis product of compound 3 binds to the S3 to S1 substrate
binding pockets (Figure 2). The thiolate coordinates the
zinc ion with a sulfur-to-zinc distance of 2.27 A. In the S1
pocket, the amide oxygen of compound 3 forms a hydro-
gen bond with the main-chain amide nitrogen of Tyr428
(311 A) of the NSD, while the amide nitrogen of com-
pound 3 hydrogen-bonds with the carbonyl oxygen (OE2)
of Glu487 (2.97 A) of the CSD. In addition, the benzene
ring of the ligand is involved in a m-nt-stacking interaction
with the imidazole ring of His459 (centroid-centroid
distance of 3.80 A). The oxygen of the acetyl group of 3
interacts via a bridging water molecule (3.07 A) with the
main-chain oxygen of Tyr428 in S1 (3.1 A) and with the
main-chain nitrogen of Glu43o in S3 (2.84 A). Thus, the
inhibitor is well-braced in-between the NSD and the CSD
of the peptidase domain.

Importantly, the binding mode of the inhibitor is not
directed towards the primed substrate-binding sites, but
towards the non-primed recognition sites in-between the
calcium-binding site and the catalytic zinc ion. Thus, this
complex of ColH-PD with the thiol derived from com-
pound 3 is the first to describe non-primed interactions
between a clostridial collagenase and an active site-
directed ligand.

Identification of selectivity determinant. The thiol
derived from compound 3 interacts with two central ele-
ments of the active site: (i) the zinc ion and its liganding
sphere (His455, Glugs6, His459, and Glu487), and (ii) the
edge strand (Gly425-Glug30). These two central elements
are also present in MMPs 7: A structurally, but not se-
quentially, homologous edge strand frames the upper rim
of the active site in MMPs, and the zinc-liganding sphere
composed of the HEXXH motif and a third proteinaceous
ligand is nearly identical between the MMPs and the
clostridial collagenases. The geometry of the zinc-
liganding sphere is almost perfectly superimposable in
clostridial collagenases and MMPs (RMSD= 0.060 A be-
tween ColH and MMP-1). Only the third zinc-binding
residue differs. While in MMPs, this position is occupied
by a histidine; in clostridial collagenases, this ligand is a
glutamate provided by the gluzincin-specific glutamate
helix. Given this high similarity in the active site between
clostridial collagenases and MMPs, this triggered the
question of how we can rationalize the observed differ-
ences in selectivity of the N-aryl mercaptoacetamide
compounds towards the two enzyme families. A first in-
silico structural analysis of the active sites of MMP-1, -2, -
3, -8, -12 and -13 suggested that (i) these enzymes could
accommodate the mercaptoacetamide compounds in
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their non-primed substrate pockets, and that (ii) the resi-
dues on the edge strand and the zinc ion are positioned as
such as to allow productive interactions with the thiolate.
Yet, the MMPs, lacking the zinc-binding glutamate, can-
not provide the hydrogen-bonding partner for the amide
nitrogen of the mercaptoacetamide inhibitor. Hence, is
the interaction with the gluzincin-specific Glu487 crucial
for selectivity? To test this hypothesis, we mimicked the
zinc-liganding sphere of MMPs in ColH-PD by mutating
Glug87 into a histidine. A comparison of the apparent
inhibition constant K, of compound 11 towards wild-
type ColH-PD and the mutant E487H, 92 + 8 uM and 166
+ 23 pM, respectively, showed that the mutation did not
result in a drastic change in the inhibitory potency. This
suggests that the interaction with the edge strand on the
non-primed site, mediated via main-chain contacts, is the
main structural selectivity determinant. This hypothesis is
further supported by a structural analysis of the edge-
strand conformations in MMPs and clostridial collagenas-
es in the ligand-bound state. Within each family, the
ligand-bound edge-strand conformation is highly con-
served (Figure 6). Compared to the clostridial situation,
the edge strand in MMPs is tilted by 27-29°. This tilted
orientation could explain the inefficient binding of the N-
aryl mercaptoacetamide compounds to the MMPs, sug-
gesting that the interactions with the non-primed edge
strand (S1 - S3) are the crucial selectivity determinants.

It was also interesting to see that related mercaptoa-
cetamide derivatives were shown to inhibit LasB from P.
aeruginosa . Analysis of our best compound 13 in an in
vitro LasB inhibition assay revealed a more than 1000-fold
lower activity compared to ColH (data not shown). This is
likely due to the distinct binding mode of compound 13 to
the non-primed binding site of ColH (Figure 2) in con-
trast to the proposed primed binding mode of the related
compounds in LasB by Zhu et al. ™.

a

Ny = MMP-1
MMP-2
MMP-8
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Figure 6. Close-up on the superpositioned active sites of
three MMPs (a) and of three clostridial collagenases (b) in
the ligand bound state. The ligands have been removed for
better visualization. The HEXXH motif is shown in sticks, the
zinc ions (grey) and calcium ions (green) are shown as
spheres. The edge strand on top of the catalytic zinc is
highlighted in color.

With regard to future inhibitor design, these findings
suggest that by (i) amplification of the interactions with
the edge strand and (ii) extension of the inhibitor scaffold
in para, i.e. by developing the compound further into the
non-primed substrate recognition pockets, even more
potent and selective compounds could be developed. In
compounds with optimized affinity to the edge strand
and the non-primed substrate binding pockets, we plan to
investigate the replacement of the thiol moiety by a less
reactive ZBG. Such lead compounds hold the promise of
higher efficacy and therefore higher safety in potential
therapeutic applications in humans.

Conclusion

We identified a novel compound scaffold for the selec-
tive inhibition of clostridial collagenases. Starting with an
SPR-based primary screening of a focused library, we
validated the SPR-hits in a secondary enzyme inhibition
assay using a custom-tailored FRET peptide substrate for
clostridial collagenases. Two mercaptoacetamide deriva-
tives were the most potent functional hits in this assay.
Further derivatization of these initials hits, in particular
the introduction of oxygen-containing groups in para-
position to the aniline, led to the generation of highly
potent N-aryl mercaptoacetamide-based clostridial colla-
genase inhibitors with IC,, values in the two-digit nano-
molar range. These compounds showed unprecedented
selectivity against MMPs, while at the same time they
displayed a broad-spectrum inhibition of bacterial colla-
genases. The selectivity of these compounds could be
rationalized on basis of a co-crystal structure of ColH-PD
with the most active compound, revealing a distinct non-
primed binding mode of the inhibitor to the active site.
The mercaptoacetamides were also shown to display no
cytotoxicity towards human cells. These insights pave the
way for the development of selective broad-spectrum
bacterial collagenase inhibitors with potential therapeutic
application in humans.
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