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ABSTRACT:The serine protease kallikrein-related peptidase 7 o 9 /@
(KLK7) is a member of the human tissue Kkallikreins. Its KCEILO or
dysregulation leads to pathophysiologicamimatory processes - oo

in the skin. Furthermore, it plays a role in several types of cancer. 2}

Aromatic coumarinic ester D102
covalent KLK7 inhibitor A
app. 1Co = 65 M

For the treatment of KLK7-associated diseases, coumarinic D%‘%‘rs

have been developed as small-molecule enzyme inhibitors. %0
characterize the inhibition mode of these inhibitors, we analyzed )
structures of the inhibited protease by X-ray crystallography. S19% D102
Electron density shows the inhibitors covalently attached to Hisx suier? \J‘
of the catalytic triad. This cams the irreversible character of the nitindingmode
inhibition process. Upon inhibitor binding, His57 undergoes an

outward rotation; thus, the catalytic triad of the protease is

disrupted. Besides, the halophenyl moiety of the inhibitor was

absent in thenal enzymeinhibitor complex due to the hydrolysis of the ester linkage. With these results, we analyze the structural
basis of KLK7 inhibition by the covalent attachment of aromatic coumarinic esters.

final inhibited state
alkylated His57

covalently bridged intermediate
transfer to His57

INTRODUCTION and Gly193. KLK7 has an Asn at position 189. Most kallikreins
ave Aspl89 at the bottom of the S1 pocket, but this residue
ers also in KLK3 (Ser), KLK9 (Gly), and KLK15 (Glu).
e S1 pocket of tryptic KLKs can accommodate medium to
_ g - - arge amino acid side chains with polar tips, but Arg and Lys
chymotrypsin- or trypsin-like serine protéaseSissue SR8 predominantly accommodated. In addition to the main

kallikreins are expressed in various tissues such as - . !
pancreas, breast, and prostate, whereas KLK7 is predomina?'ﬁl%c'c'ty pocket S1, subsites S2 and S1S4 contribute

expressed in the outer layer of the “sRilKLK7 regulates oltubs'f[rhater:eqo?nit_ib?}. | kes KLK7 an int tina d
desquamation of the skin by degradation of the intercellul?r S pathophysiological role maxes an interesting drug

adhesion molecules corneodesmosin, desmoglein 1, & {pet a.nd.m.any arts have been_ made to develop KLK7-
specic inhibitors for therapeutic uses. Current KLK7

. 10 . . _
desmocollin 1.°° Its dysregulation leads to pathophysio- Qibitors can be categorized into physiological and non-

logical inammatory processes in the skin, causing disea: . S . A
such as psoriasis, chronic dermatitis, and Netherta‘?%ysmlog'cal inhibitors. Physiological inhibitors such as metal

svndromé2 However. KLK7 is also associated with tumor©"S ©F endogenous protein inhibitors are essential to maintain
p)r/ogressio.n in melano,ma breast, ovarian, prostate, and otw 3 homeostasis of kallikrein activity. The best-characterized
cancer types.To date thé distinc,t role of,KLK7 in ,tumor eridogenous protein inhibitor of KLK7 is the SErpin vaspin
progression is poorly aeed, but it may facilitate tumor cell (SERPINA12), which belongs to the superfamily of serine

invasion, as described for pancreatic cArieerrant KLK7 protease inhibitot§'° Another well-characterized endoge-

expression serves as a therapeutic marker for maligngﬂys inhibitor is LEKTI, a Ifg%z%al-type serine protease inhibitor
melanom&’ Recently, KLK7 activity has also been linked to-1coded by the SPINKS gerne.

adipose tissue iammation and systemic insulin resistance ir:

obesity‘.G Received: October 31, 2019
Mature KLK7 consists of a typical serine protease domalt/blished:May 6, 2020

with Ser195, His57, and Aspl102 as the catalytic triad. These

residues form the entrance to the spiggipocket S1, which

is the main region of substrate binding and cleavage. The

oxyanion hole is formed by the backbone amides of Ser195

Human kallikrein-related peptidase 7 (KLK7), also known
stratum corneum chymotryptic enzyme, is a member of t
human tissue kallikreins, a protein family containing 1
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For pharmaceutical purposes, nonphysiological inhibitors of 99
kallikreins have been developed as natural peptides and 8-
proteins’ natural heterocyclic compounds, synthetic pep- 74

tides? and nonpeptidic compourfdsThe latter include
coumarin-3-carboxylate derivatives, which act as inhibitors for
certain kallikreins-chymotrypsin, human leukocyte elastase,
and matriptasé. ’ Nonpeptidic synthetic derivatives are very
promising pharmacological tools as they can usually be
developed to small moleculek, & 800 Da) with high target

first derivative x 10°*
'.“

selectivity, good bioavailability, and chemical stability. 0
Information for structure-based inhibitor development is 2 30 4 20 e 70 80 s 0
available for unliganded KEK&nd also complexes with temperature [°C]

several competitive inhibitdts:? _ " .
. ot Figure 2.Thermal stability of KLK7 in the presence of DMSO. The
Coumarin-3-carboxylate derivatives wstedeveloped to melting point T.) of KLK7 was determined by DSF in adyu

inhibit -chyr_notrypsm in a suicide mar?ﬁ@?.Recer_]tly_, T".in consisting of 50 mM sodium phosphate, pH 7.5, and increasing
et al. optimized these compounds for KLK7 inhibition a$,ncentrations of DMSO. Thest derivative of the F350/F330
aromatic coumarinic esters to increase potency and selecliygrescence ratio was plotted against tempeTajusedetermined

ity.”> Some of these optimized derivatives inhibit KLK7 withfrom the maxima of these curves, which are colored according to the
apparent half-maximal inhibitory concentratiog)(l@lues di erent DMSO concentrations as indicated in the inset. The inset
in the nanomolar range (at an enzyme concentration of 7.6 nsfows the decreaseTgfin relation to the DMSO concentration.

and a reaction time of 15 min), are nontoxic on keratinocytes;

and thus are promising drug candidates to treat Nethertqflheriments. The analysis of the time dependence of KLK7
syndrome Kigure ). It has been suggested that thesegiapjlity at 10% DMSO concentration showed no further
destabilization of the protease at prolonged incubation times

o A up to 17 h at room temperature (data not shown). Likewise,

o O}Q\CI er ‘Q\I after preincubation of KLK7 for 30 min af@7T,, was only
L AA z slightly reduced from 58% (no preincubation of the

chro enzyme) to 56.2C. These ndings demonstrate stient

™ 0" o 2 3 stability of the protease under conditions of the compound

ICs = 103nM+-50M 65 0M+/-3 nM 77 1M +/- 3 .M inhibition experiments.
Inhibition of KLK7 Vaspin Complex Formation. We

Figure 1. Aromatic coumarinic esters studied in this work. The . L - o
compounds shown here werst reported by Tan et#land (from next veried the proteolytic inactivity of the KLKihibitor

left to right) refer to the compoundlg 22, and23 of their study. comp_lexes prip_r to crys.tallizfation. Therefore, we analyzed the
The apparent I§* values of the covalent inhibitors were determinedPutative remaining activity with the KLK7 target vaspin. In the
at an enzyme concentration of 7.6 nM and a reaction time of 15 migbsence of inhibitors, the covalent Klw#pin complex is
readily formed, whereas little or no complex formation is

observed for the inhibited protease preparatiogsré 3.
compounds are attacked at the lactone ester bond by th@is is in agreement with the previously observed covalent
Ser195 nucleophile of KLK7 and an acyl-enzyme intermediaghibition of KLK7 by the coumarinic derivatiiés addition
is formed. Expulsion of the aliphatic chlorine results in f complex formation with vaspin, active KLK7 alsocqiBci

quinone methide, which induces alkylation of His57 of theleaves after Tyr30 within the N-terminus of vasgiar¢ 3.
catalytic triad® Thus, these inhibitors act in a suicide manner

and inhibit KLK7 irreversibly. Docking studies have been used
to characterize the initial noncovalent inhibitor binding mode
prior to nucleophilic attack of Ser195 and for the analysis of
structure activity relationship8>>

Here, we analyze the crystal structures of KLK7 in complex
with this class of suicide inhibitors for a better understanding
of the inhibitory mechanism of aromatic coumarinic esters and
to contribute to further inhibitor developmerig(re ).

RESULTS

Protease Stability under Inhibition Conditions. The
inhibitor molecules investigated in this study have a limited
solubility in water due to hydrophobicity, and thus the addition_ - _ _ _
of the solvent dimethyl sulfoxide (DMSO) was necessary fggure 3.Inhibition of comple)g form_atlon of l_(LK7 with vaspin by
incubate KLK7 with higher inhibitor concentrations. \Wec0mpoundsl 3. A Coomassie-stained sodium dodecyl sulfate
therefore characterized the stability of KLK7 in the presenceg{ﬁly"’wryl"’“m'de gel electrophoresis (SDS-PAGE) gel was prepared

; . er the incubation of active and inhibited KLK7 with vaspin for 0
DMSO. The thermal melting poinf,) of KLK7 was and 60 min (see thexperimental Sectidor details). Active KLK7

determined by derential scanningiorimetry (DSF) at 0 forms a covalent complex with vaspin (70 kDa). After incubation with
60% DMSO (v/v) Figure }. A continuous decreaseTof compoundg, 2, or3, only traces of complexes or no complexes at all
was observed with increasing DMSO concentration, and & detected for inhibited KLK7. comp. = compound, N-term. cl. = N-
chose a DMSO concentration of 10% (v/v) or lower for ounterminally cleaved, RCL-cl. = reactive center loop-cleaved.
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Table 1. Data Collection and Reement Statistics

PDB code

beamline

wavelength (A)

space group

cell dimensions
a b c(A)
resolution range (A)
unique reections
completeness (%)
multiplicity
I (1)
Rmeas
Rpim
CCyp
WilsonB factor (&)

resolution range (A)
R/vorlj Rfree (%)
no. of atoms
protein
solvent atoms
ligands, ions
averag®-factors (A
protein
water
ligands
rms deviation
bond length (A
bond angles (deg)
Ramachandran plot
favored region (%)
allowed region (%)
outlier region (%)

KLK7 x compoundL
6SHH

BESSY BL 14.1
0.9184
P22:2,

60.6, 116.4, 291.0
48.49.0 (2.04 2.0)
138 687 (5745)
99.2 (84.1)

9.4 (8.5)

5.8 (0.5)

0.369 (4.638)

0.119 (1.536)

0.993 (0.229)

31.6

47.03.0
18.9/22.6

13429
1180
685

41.1
45.5
73.6

0.012
1.27

95.58
4.37
0.06

KLK7 x compound?
6SHI

Data Collection
BESSY BL 14.1
0.920172
P2,2,2,

60.6, 117.0, 291.3
47.081.85 (1.881.85)
177 629 (8592)
99.8 (98.7)
7.4 (7.3)
9.5(1.1)
0.169 (2.131)
0.061 (0.772)
0.997 (0.423)
21.0
Re nement
46.61.85
17.6/20.8

13429
1905
705

30.6
45.3
59.6

0.013
1.15

96.32
3.62
0.06

KLK7 x compound3
6SJU

BESSY BL 14.1
2.101
P2,2:2,

60.7, 117.0, 291.2
47.082.20 (2.242.20)
100 395 (4514)
94.9 (87.2)
12.6 (9.6)
18.5 (3.0)
0.095 (0.750)
0.026 (0.235)
0.999 (0.861)
32.0

47.082.20
17.4/22.9

13429
1465
740

39.0
51.6
63.6

0.010
1.12

95.92
3.96
0.11

KLK?7 unliganded
6Y4S

BESSY BL 14.1
0.9184
H32

113.2 113.2 326.1
48.452.23 (2.302.23)
39789 (3526)
99.8 (97.6)
15.0 (13.7)
6.3 (0.5)
0.452 (6.728)
0.116 (1.792)
0.994 (0.296)
405

48.452.23
21.9/24.2

5115
82
80

55.9
45.8
90.4

0.008
1.10

93.35
4.5
0.15

Figure 4 Crystal structure of KLK7 in complex with comp@uiiDB code 6SHI). The specity pockets of KLK7 are labeled S4 and S1
S4. Hydrogen bonds are displayed as black dashed lines. (A) Active site cleft of KLK7 withZbmpalitwiHis57. The electron density of

the (2Fo Fc)-type map is shown in blue at a contour levelThe inhibitor is present in two alternative conformations ((A) in yellow and (B)

in green). (B) Cartoon representation. (C) Stegewe of the amino acids in the inhibitor environment. A sigut&rshowing the two inhibitor
conformations separately can be foudgime S2(D) Inhibitor conformations B formstacking interactions between two KLK7 chains.
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Figure 5.Amino acid movements upon inhibitor binding. The crystal structures of unliganded KLK7 (orange) and the complex wizh compound
(cyan or yellow/green for the two alternative inhibitor conformations; PDB code 6SHI) were superimposed atsad. §A)CSide view of
His57, Asp102, and Ser195 before and after inhibitor binding. (B) Front view showing the conformational change of His99.

This N-terminal cleavage was also observed for the inhibitelis99:’ The 3-carboxylate of conformation B forms a
KLK7 preparations, most likely due to the long reaction timaydrogen bond with the backbone amide of Gly2h6re
of 60 min and based on traces of uninhibited KLK7 or residud). The two conformations were med to almost equal
activity of the inhibited enzyme. The much higher catalytioccupancies (0.49 for conformation A and 0.51 for
e ciency of N-terminal processing compared to cleavage @information B), and both conformations are involved in
the reactive center loop of vaspin (and complex formation) hasystal packing contacts. The inhibitors in conformation B of
been noted previousfyln addition, activity measurements the crystal packing dimer form-stacking interactiofrigure
using NFF-3 peptide (see theperimental Sectjoshowed 4D). Both inhibitor conformations do not form any clashes
that the protease activity is reduced from >400 pmol/@hin  concerning contacts with each other, and the models suggest
protease to values <0.1 pmol/(m@). that all four inhibitor orientations conceivable for the packing
Crystal Structures of KLK7 after Incubation with dimer might be possible. The postulated cofpléta the
Aromatic Coumarinic Esters.Crystal structures of the three dual attachment to the active site through Ser195 and His57 is
inhibited KLK7 preparations were analyzed between 1.85 andt observed in the crystal structure. Nevertheless, an initial
2.02 A resolutioriT@ble ). The key structural features of the nucleophilic attack by Ser195 is necessary to demask the
binding mode of all three compounds are rather similareactive alkylating function. A subsequent hydrolysis of the
therefore, we describe the crystal structure with comound formed ester bond has thus occurred.
which was analyzed to the highest resolution and is the mosfThe crystal structure of unliganded KLK7 in space group
potent of the three inhibitors. The crystals of space groud32 was analyzed to a resolution of 2.2Tdvle ). A
P2,2,2, contain eight molecules in the asymmetric unit, whicltomparison of the inhibited and unliganded KLK7 structures
have similar structures ancediby less than 0.2 A root-mean- shows two major dirences. Compared to the catalytic triad
square deviation (rmsd). For all eight copies, two proteasd unliganded KLK7, the His57 side chain undergoes an

molecules face each other by their active site~adefitsl S)L outward rotation around the GC bond, whereby the
We also crystallized unliganded KLK7 and obtained the samatalytic triad is disrupted in the inhibited protelasgire
crystal form as previously described (PDB id ZB8@ 5A). In addition, His99 adopts a new conformation compared
could improve the resolution from 2.8 to 2.2TAble ). to the unliganded KLK?7 structure to avoid closed contacts to

Covalent inhibition of KLK7 by compourids3 does not the inhibitor in conformation B and to the rotated His57 in
induce overall structural changes, as inhibited and unligandszhformation AKigure B).
KLK7 superimpose with an rmsd of 0.3F§ure S1I The electron density maps further indicate that the ester
In the crystal structures, the bound inhibitor moiety idinkage to the halophenyl moiety (exocyclic ester bond) of
devoid of the halogenated phenyl group present in the startibgth inhibitor conformations is at least partially cleaved in all
molecule, whereas a free carboxylate group is locatedtlatee structures (compounds 3). This is obvious for
position 3 of the coumarinic sola (Figure 3. This indicates  inhibitor conformation A, for which no space is available for
that the corresponding exocyclic ester has been hydrolyzbe halophenyl moiety in the crystal lattice. In conformation B,
during the experimental processes. In all cases, the inhibitormiere space is available, but due to the half occupancy of the
covalently attached to the &tom of His57 and is present in alternative conformation and possible additiexddility, the
two alternative conformations (A and B) within the active sitelectron density map does not clearly indicate the absence or
cleft (Figure 4 The His57 N atom forms a covalent bond presence of the substituent. We collected anomalous data at
with the methylene group in the 6-position of the inhibitor andhe wavelength of 0.920172 A to identify bromine in
thus replaces the aliphatic chlorine atom. Conformation dompound2. The absorption edge of bromine was detected
points alongside the spety pockets S1S3. The 3- at 0.9206 A in auorescence scan, but no distinct strong
carboxylate of conformation A forms a hydrogen bond with thmaximum ‘(white liné) after the edge was observed. For
backbone amide of Gly193 occupying the oxyanion holepmpound, a wavelength of 2.101 A (in the high-energy side
known to accommodate the tetrahedral intermediate durimgf the iodine Labsorption edge, expected at 2.3898 A) was
the attack of the substratssissile peptide bond by Serl195 used to locate potential iodine positions. However, the
(Figure 3.3* Conformation B points toward the spsity anomalous density maps also revealed no binding sites of
pocket S2, which is formed mainly by the residues Trp215 atliese halogens.

D https://dx.doi.org/10.1021/acs.jmedchem.9b01806
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Figure 6.MS and tandem mass spectrometry (MS/MS) spectra of native KLK7 and inhibited KLK7 by @oafigoungptic digestion. (A)

MS spectra of uninhibited KLK7 (upper spectrum) and the complex with cordftawer spectrum). The latter spectrum shows three
additional peaks compared to unliganded KLK?7, indicating a mass gain at His57. The mass gain results from covalent bindtpof compound
His57. (B) MS/MS spectra of the three additional peaks in Kokpound complex revealed that the mass gains at His57 resulted from two
inhibitor fragments and the attached uncleaved compoiim@ native amino acid sequence of the peptide containing His57 would be
WVLTAAH.

Inhibited KLK7 was crystallized in M¢2-hydroxyethyl)-  Analysis of a tryptic digestion of unliganded KLK7 showed the
piperazin@ -ethanesulfonic acid (HEPES) é&uat pH 8.5 peptide of interest (WVLTAAKK) with a mass of 1085.5
containing 2.9 M ammonium sulfate. To assure that hydrolydda. MS experiments after tryptic digestion of inhibited KLK7
of the exocyclic ester bond is not an artifact of thaevealed three additional peptide peaks (1445.62, 1287.59, and
crystallization process, we analyzed the protease inhibited1243.59 Da), whereas the peak at 1085.5 Da is also detected in
compound2 prior to crystallization by mass spectrometrythe inhibited KLK7 sampl&i@ure §. We detected 1445.62
(MS) and compared the spectrum with unliganded KLK7Da, the mass of compoudthound to the Natom of His57

E https://dx.doi.org/10.1021/acs.jmedchem.9b01806
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Figure 7.Model for the reaction mechanism of aromatic coumarinic esters with KLK7. The initial steps are as described’by Tan et al.
Nucleophilic attack of Ser195 results in opening of the lactone ring and a covalent acyl-enzyme intermediate is formed. After expulsion of t
chloride ion, a quinone methide may be formed as an intermediate. A nucleophilic attack on the quinone methide by His57 results in a structure
which the inhibitor is covalently attached to His57 and Ser195. The ester bond to Ser195 undergoes hydrolysis, and the lactone ring is form
again. In addition, the ester bond to the halophenyl moiety is hydrolyzed.

after loss of the chlorine atom (calculated mass, 1445.6 D&), attack the quinone methide. In the alternative His57 side
and 1287.59 Da, the mass of the linked fragment observedcimain conformation observed in the inhibited sEtgiré

the crystal structure (calculated mass of 1287.6 Da). The thidd\), only the N atom is positioned close enough for the
new signal at 1243.59 Da likely represents the peptide with thecleophilic attack, whereasd\not (in both conformations
decarboxylated inhibitor fragment (calculated mass, 1243)énerated by a side-chajm of the imidazole group).

Da). Decarboxylation may result from the MS procedure. In the crystal structures, the inhibitors are covalently
Thus, the exocyclic ester bond of the covalently boundttached to His57 and present in two alternative conforma-
inhibitor is at least partially cleaved prior to crystallizatiortions, each with about half occupaftyufes €nd5). As the
Further, it is likely that the solution of inhibited KLK7 containgnhibitor conformations may beuenced by crystal packing
residual uninhibited KLK7 molecules giving a signal at 1085bntacts Figure D), we investigated the stability of these
Da in MS but does not crystallize later on, as the formation abnformations by torsion angle analySigu(e SB and

the P2,2,2, crystal form probably depends on the ncation molecular dynamics (MD) simulatiorgy(ires S558. Four

of His57 for the formation of the dimeric pair with interactingfree torsion angles determine the possible rotamers of the

active sitesHigures B andSJ). His57 inhibitor moiety. Both alternative conformations of the
To ensure inhibitor stability prior to incubation with KLK7, crystal structures have torsion angles that are frequently

we collected electrospray ionization (ESI)-MSHMIMR observed values or at least do not correspond to rare high-

spectra of compourtlafter storage in 100% DMSO &0 energy torsion angles. In the MD simulations, rotamer A is

°C for several months. These experimentededtiat the stable, but the torsion angles change such that the coumarinic
inhibitor is stable under storage conditions (data not shown¥caold is positioned to form less contacts with the protein
Modeling Studies on the Bridged Intermediate and surfaceKigures S5 and S&tarting from rotamer B, another
the Final Inhibited State. The crystal structures clearly show stable rotamer is predominantly observed in the simulations, in
that the inhibitor is attached only to theatbom of His57. All  which torsion angles 3 and 4 (refefitpure S$or de nition)
information concerning the constitution of the inhibitoradopt other minima such that the carboxylate group of the
intermediate bridging His57 and SerlRgufe 7 is thus inhibitor forms a salt bridge with Arg%@g(re SB Taken
known, and we modeled possible conformations of thit®gether, these results indicate that the Hisbibitor
intermediate state by a conformational search. In thisioiety can adopt several low-energy conformations and the
calculation, the two amino acid residues and the bridgingal inhibitory state should not pose strong restrictions on the
inhibitor were part of the conformational search, whereas tebstitution pattern of the coumarinic acid inhibitors due to
rest of the protein wasked. The resulting conformations this exibility.
showed that the bridge is sterically possible without very rareComparison to Known KLK7 Inhibitor Complex
high-energy torsion angles or other distortions, but sevei@lructures. Crystal structures have been previously deter-
torsion angles have medium str&igure SR This may be mined for KLK7 in complex with peptide derivatives as well as
relieved by allowing for morexibility of the rest of the nonpeptidic synthetic inhibitorisigure Sp?° 32> 37 All of
protein in the conformational search, but it thus appears likelgese inhibitors employ the deep S1 pocket for binding using
that the intermediate is strained favoring hydrolysis of the esfmedominantly planar aromatic hydrophobic substituents. Also
bond to Ser195 to relieve this strain. Modeling also explaittse 3-halophenyl substitueniof likely binds to this pocket
why the inhibitor is not attached to thedtbm of His57. In  in the initial binding mode with the halogen atom at the
the conformation of His57 observed in the unligandedottom of the pockéf similar to the binding of the 3-
structure (His57 being part of the catalytic triad), the His5%&hlorophenyl group of the 1,4-diazepane-7-one compound
side chain is close to the Ser195 side chain but not positionsdown irFigure S9CMany inhibitors also bind to the S2, S1
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and S2 binding sites or position a carbonyl group forenergy ranking algorithms might be employed based on
interaction with the oxyanion hole. The peptide chloromeavailable structural information to rationalize available
thylketone inhibitors form covalent complexes with Ser195 asttucture activity relationships for various enzymes and to
His57 Figure S9Pas the coumarinic inhibitors, but His57 aid further inhibitor development by structure-based methods.

maintains its conformation in the catalytic triad. Ester-bond cleavage of Ser195 might be promoted through
steric strain of the covalent intermediate, in which Ser195 and
DISCUSSION AND CONCLUSIONS His57 are bridged by the inhibitéiiqures andS3. After

Here, we examined the binding of aromatic coumarinic estej§avage of the ester bond to Serl195, the equilibrium between
as selective suicide inhibitors for KLK7. We focused on tHge free carboxylate group and the lactone favors the ester
aromatic esters of 6-chloromethylcoumarin-3-carboxylic ad@fmation. Interestingly, also the exocyclic ester bond to the
1 3carrying chloride as the leaving group at position 6, whidkglogenated phenyl substituent was hydrolyzed after binding of
do not display inhibition of the related enzymes KLK5the compound to the protein and before crystallization. The
KLK14, and matriptase. The halomethyl moiety in 6-positiofemaining aromatic part of the inhibitor is present in two
is required to lead to an irreversible inhibition throughalternative conformatiorfsiqure J. For conformation A, the
covalent attachment at His57 of the catalytic’friad. electron density clearly indicates the cleaved inhibitor. This
It has been proposed that the inhibitory mechanism of @lydrolysis may as well be promoted by basic conditions.
chloromethylcoumarin-3-carboxylic acid compounds is inftlthough the substituent is thus not required for itz
tiated by nucleophilic attack of the catalytic Ser195 whil@hibitory state of KLK7, previous studies showed that its
opening the lactone ringigure Y.>° 2’ The covalent acyl- Presence is essential for substrate sipecDerivatives with
enzyme intermediate is thought to promote expulsion of tHénsubstituted phenyl ester groups had only low inhibitory
chloride ion at the chloromethyl substituent, leading to th€ ects on KLK7> The initial inhibitory binding mode
formation of a quinone methide, which is susceptible tgetermining substrate spety has been modeled previ-
nucleophilic attack by His57 of the catalytic tfiad. ously:*** As discussed above, the inhibitor sgigciis
In our X-ray crystallographic studies, we observed thtetermined not only by the initial inhibitor binding mode
protease in a state in which the inhibitors are covalentlgading to Serl95 attack but also by theieacy of the
attached only to His57. Susceptibility of the ester linkage f6llowing steps for His57 alkylation. Inhibitors that form the
Ser195 for cleavage has been noted previomshact, the  acyl-enzyme intermediate to Ser195, but cannotclenty
inhibitory potency of the coumarinic esters strongly dependgansferred to His57, are only transient inhibitors, as the
on the alkylating character of the substituent in the 6covalent bond to His57 after alkylation is more stable than the
position® Without this function, the inhibitors act transiently ester bond to Ser195. The observation of two alternative
due to the hydrolysis of the ester linkage between the serig@nformations of thenal inhibited state and possible further
nucleophile and the inhibitor. However, even in the presené@nformational freedom indicated by the MD simulations
of alkylating functions in the 6-position, the nature of thétrongly suggests that the stability of this state is nended
inhibition mechanism (transient vs permanent) and the overdly substituents of the coumarinic esteoktas long as the
inhibitory potency do not only depend on the strength of thehemical stability of the alkylated His57 is netted. In
alkylating character of the 6-substituent but also on the 8ontrast, substituents likelyuance the inhibitor selectivity
substituent and the type of the inhibited enzyme. via the initial noncovalent binding mode and ttoéeacy of
Mechanistic and structural etiences between enzymes the transfer step to His57.
have been found for chymotrypsin compared to human Based on thesedings, two ester hydrolysis steps may likely
leukocyte elastad&*’ and also between kallikrein-related occur after incubation of compoun@, or 3 with KLK7 and
peptidases 5, 7, and 14 and matriptagee e ciency of the  before crystallizatiofigure J. However, on the basis of the
alkylation step likely depends primarily on the ability of the Higvailable data, it is not possible to conclude if the ester bonds
side chain and the Ser-linked quinone methide to adogtre hydrolyzed independently of each other. An alternative to
energetically favorable conformations that are productive fille mechanism depictedFigure 7is that Ser195 forms an
the presumed nucleophilic attack of the Hiatbim on the acyl intermediate via the exocyclic ester bond. This possibility
C C bond of the quinone methide. The observatkitte appears less likely to us as a reactive quinone methide would
of substitutions at the 3-position on the alkylation step mightot form and a direct attack of the CH, carbon with
be caused by the destabilization of productive conformatioggpulsion of the chloride ion is chemically less pro¥able.
of the quinone methide or by the stabilization of alternative In conclusion, we co-crystallized the serine protease KLK7
nonproductive conformations. together with three aromatic coumarinic esters, which
In addition, the enzyme environment camence the irreversibly inhibit the protease in the nanomolar range.
conformationalexibility of the two reacting side chains. As anTheir structures were determined by X-ray crystallography to
example, we compare the environment of the His nucleophilesolutions between 1.85 and 2.02 A. In these structures, 6-
in the catalytically productive conformation of KLK7 andmethylcoumarin-3-carboxylate bound covalently to the N
matriptase ifrigure S4The environment of the His side chain atom of His57 of the KLK7 active site in two alternative
in matriptase is much more restricted by Phe99 and lle6®nformations and MD simulations indicate a further low-
compared to the situation in KLK7This might inuence the ~ energy conformation. Thus, tmel inhibited state does not
initial binding mode of the inhibitors prior to the attack ofpose signtant restraints on the choice substituents and the
Serl95 and the eiency for alkylation of His57. However, substituents need not be optimized for spécteractions
also dierences in protein dynamicsuenced by more with proteins surface. The core coumariniolstés large
remote structural variations canuéence the inhibition enough to ensure that His57 swings out of its catalytically
kinetics. More detailed computational studies by conformaempetent conformation in the catalytic triad upon alkylation.
tional search calculations, molecular dynamics simulations, &mstead, the substituents need to provide selectivity for initial
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binding to the target enzyme in a position for catalytic attack ebncentrated with a 5 kDa spin column. The Kiriibitor
the Ser195 nucleophile on the lactone bond. In addition, theomplexes were mixed with vaspin in a molar ratio of 3:1 as described
substituents need to support agient transfer to His57 such before” Therefore, 3.15M KLK7 was mixed with 1.084 vaspin

that they allow for a rearrangement of the inhibitor for attacg‘ 50 mM Tris, 150 mM NaCl, pH 8.0, and incubated at room

of the His57 nucleophile. The crystal structures of th emperature. At given time points, the samples were taken, mixed with

inactivated : inf i bout th | appropriate amount of reducing SD®mand incubated for 5
Inactivaled enzyme give new information about the unexplor at 95°C. The samples were loaded onto 12% polyacrylamide gels

steps of enzyme alkylation that follow the noncovalent bindingq stained with Coomassie blue after gel electrophoresis.

of the inhibitor to the enzyme and the Ser195 acylation. The Crystallization, Data Collection, and Structure AnalysisThe
obtained structures show that Serl95 is only transienttympounds were synthesized as described before by Taifitet al.
acylated during the reaction. Finally, these results help tompounds were dissolved in 100% DMSO to prepare stock solutions
characterize the covalemhibition mechanism of this of 100 mM (compound and3) or 25 mM (compound®), which

inhibitor class, in particular to rationalize the structural factokéere stored at20°C. Due to the low solubility of the compounds,
that govern the eciency of covalent inhibition, which KLK7 was incubated at a low protein concentration. Therefore, the

. PR . protease was diluted to a concentration of 0.123 mM in 50 mM
dominates the overall potency of this inhibitor class of serng dium phosphate ter, pH 7.5. The compounds were diluted to 10
proteases. mM in 100% DMSO and added to the protein solution to achieve a
concentration of 1 mM, resulting inreal DMSO concentration of
EXPERIMENTAL SECTION 10% (v/v). The reaction was incubated af@7or 30 min and

Protein Expression and Puri cation. The mature wild-type afterward centrifuged for 10 min at 1@@@@emove precipitate. For
protease KLK7 was exprességsitherichia calbsetta (DE3) pLysS ~ crystallization, the inhibited protease and _the active protease were
cells. Therefore, residues 13253 were fused to an N-terminal concentrated to 4.8 and 3 mg/mL, respectively, using Vivaspin 500
SUMO- and Histag provided by the vector pET-SUMO. The ultra Itration spin columns (Sartorius; molecular weight cuto
protein accumulated in inclusion bodies and was refolded ad#/WCO), 5000 Da). Crystallization was performed with the hanging
puri ed, as described in detail elsewhere.yBiiee cells were  drop vapor diusion method. Drops were produced by mixind.0.5
disrupted with a FastPrep-245G cell homogenizer (MP Biomedical@f protein solution with 0.5L of crystallization ber (2.9 M
and the inclusion bodies were pdias published previoud$iFhe ammonium sulfate, 0.1 M HEPES, pH 8.5, an@@poly(ethylene
inclusion bodies were solubilized in 6 M guanitiGéand 0.1 M glycol) (PEG) 3350). Crystallization trays for the inhibited protease
Tris HCl at pH 8.0. The unfolded fusion protein was @diby an were stored at«4C, and crystals appeared after 10 days and grew to a
immobilized metal-ion aity chromatography (IMAC) using Size of 200m. Crystallization trays for native KLK7 were stored at 19
NiSepharose 6 Fast Flow resin (GE Healthcare). After reducing tR€ and crystals appeared overnight with a size ofr2@r cryo-
protein with 100 mM dithiothreitol (DTT), the ber was exchanged protection, the crystals were transferred into the crystallizagon bu
stepwise to 3 M guanidindCl and 0.01 M TrisHCI, pH 8.0. containing 14% (viv) glycerol and directish-frozen in liquid
Refolding was performed by fast dilution &C4into a buer nitrogen. X-ray data collection took place at beamline 14.1 of the
containing 0.7 M arginineéiCl, 10% glycerol, and 1 mM BESSY synchrotron Berlin with a Pilatus6M detector. Data reduction
ethylenediaminetetraacetic acid (EDTA) at pH 8.0. After 5 days &nd scaling of images were performed with the prograft XDS.
19 °C, the refolded protein was concentrated and ther leas ~ Merging of reexes was done with the program AIMLESS.
exchanged through dialysis to 0.05 M H@&, pH 8.0, and 0.15 M  obtain a good starting model formement, we superposed a high-
NaCl before the fusion tag was cuwith the SUMO protease. The ~ resolution structure of KLK7 (PDB entry 28Xnalyzed at 1.0 A
resulting protein fragments were separated by a combined IMAC afgsolution) onto the KLK7 structure 3B3@.9 A resolution),
cation-exchange chromatography (GE Healthcare). After sixéhich has the same crystal form as our structure. In the case of crystal
exclusion chromatography, @al a nity chromatography with ~ form Il (KLK7 inhibitor complex), the program PHASERas
immobilized soybean trypsin inhibitor (SBTI) (Oxford Biomedicalused for molecular placement using 2QXI as the search model. The
Research) was performed to separate active from inactive KLKFograms COOTS REFMACS,” and BUSTER were used for
Puri ed KLK7 was stored aB0 °C in 50 mM sodium phosphate model building and reement. Stereochemical restraints for the

bu er, pH 7.5, with a protein concentration of 5 mg/mL. inhibitor were generated by the Grade Web Srvure S2A
Thermal Stability. To determine the thermal stability of active shows a Polder omit mdpf the bound ligand in chain A.
and inhibited KLK7, dérential scanninguorimetry (DSF) was Molecular Modeling and Molecular Dynamics Simulations.

performed, using a Prometheus NT.48 instrument (NanoTempékhe software MOE (Chemical Computing Group ULC, Montreal,
Technologies GmbH). The KLK7 solution (10 1 mg/mL) was Canada) was used for the conformational search to explore a model
loaded into nanoDSF grade standard capillaries (NanoTemper), afd the coumarinic inhibitor bridging Ser195 and His57. An initial
the unfolding ramp was measured from 20 t€ 9&th 1°C/min. model was manually built using Molecular Builder based on the
The intrinsic uorescence of tryptophan and tyrosine residues wagovalent complex structure determined in this work and energy-
detected at 330 and 350 nm to determine the unfolding state of thminimized to relieve bond length and angle distortions. A conforma-
protein from the changes in the F350/F336rescence ratio. We tional search was carried out for the complete amino acids 57 and 195
determined th&,, values in a ber of 50 mM sodium phosphate, pH and the bridging inhibitor atoms. For MD simulations, the programs
7.5, and increasing DMSO concentrations. MOE and NAMD" were used. Conformers A and B of chain A in the
Activity Measurements. The activity of the pured protease was asymmetric unit of the structure 6SHI were used as the starting point.
determined with theuorogenic peptide substrate NFF-3 [Mca- Water molecules were added to a drop with 25 A radius around the
RPKPVE-Nva-R/K(Dnp)-NH,, where Mca is (7-methoxycoumarin- His57 inhibitor atoms (MOE option Solvate). The structure was
4-yl) acetyl, Nva is norvaline, and Dnp is 2,4-dinitrophenylfitrated, and polar hydrogens were positioned (MOE option
(AnaSpec) using a protocol from R&D Systems with minorSolvate3D). Residues with at least one atom within a distance of 15
modi cations. Brigy, 50 ng of KLK7 was incubated with 42 A around the His57nhibitor group were allowed to move freely. In
NFF-3 in protein bler. The time-dependent increase of the a further shell of 3 A distance, the residues were tethered to their
uorescence signal, resulting from cleavage of an amide bandial positions and all further atoms weeal. The system wast
between the uorescent group (Mca) and the quencher groupenergy-minimized within MOE. For the simulations, the software
(Dnp), was recorded with a FlexStation microplate reader @8AMD was used and the system was equilibregedor 100 ps
excitation and emission wavelengths of 320 and 405 nm, respectivieljowed by a simulation of 20 ns. Five simulations were run for each
For the vaspin inhibition assay, KLiKRibitor complexes were of the two conformers, as showfigures S558 Visual molecular
prepared as described below for the structural studies amtynamics (VMDY was used for the analysis of the trajectories.
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Complex Formation of KLK7 with the Serpin Vaspin.The Munchen at Leipzig University and University Hospital Leipzig,
successful inhibition of KLK7 after compound incubation was (4103 Leipzig, Germany
validated using its natural inhibitor vaspin. The latter forms a . L .
covalent complex with active KLKBoth proteins were incubated COmplete contact information is available at:
in 50 mM Tris, pH 7.5, and 150 mM NaCl for 60 min at room https://pubs.acs.org/10.1021/acs.jmedchem.9b01806
temperature. The samples were analyzed by a 12% SDS-PAGE.

Mass Spectrometry Analysis of Inhibited KLK7MS and MS/ Author Contributions
MS experiments were performed to analyze the amino acid sequeggkl. designed and conducted experiments and analyzed data.
of inhibited KLK7 and the apoprotein to determine the alkylateds H. and J.P. expressed and guiKLK7. C.A.T. and D.U.
amino acid residues. For each experimeng df protein was  expressed and pwd vaspin. J.T.H. performed MS analysis.
digested with 100 ng of Trypsin Gold (Promega, mass spectrome}W.R._R_ evaluated and B.§ntBesized the inhibitory

grade) according to the manufactupsocol. The samples were ! .
desalted with C18-ZipTiplter tips (Pierce) prior to analysis by compounds. S.H. wrote the initial draft of the manuscript.

matrix-assisted laser desorption ionization tinghof{MALDI- All authqrs contributed to data interpretation anq manuscript
TOF) MS and MS/MS using LIFT mode on a Bruker Uall preparation. J.T.H. and N.S. supervised the project.
MALDI-TOF/TOF mass spectrometer. Peak lists of combined M3 otes

and MS/MS Spectra were searched against the NCBlpI’Ot databapﬁe authors declare no CompetlngnC|aI |nterest

using BioTools software (Bruker) and the Mascot search engine

(Matrix Science, London, U.K.) to identify peptide fragments. The ACKNOWLEDGMENTS

following parameters were used for database searches: dpaties )

sapiensenzyme trypsin; monoisotopic masses; optional roadi  The authors thank PD Drrdan Schiller fdH NMR and Dr.

tions methionine oxidation, cysteine alkylation (iodoacetamide)¥ulia Popkova for ESI-MS measurements, as well as Dr.
mass tolerance M350 ppm; mass tolerance MS/M&75 Da; Renato WeiRe for support in X-ray data analysis. This work

maximum missed cleavage sifes was supported by grants of the Collaborative Research Centre
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