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Abstract: A new fragment-based method for the rapid development of novel and distinct classes of
nonpeptidic protease inhibitors, Substrate Activity Screening (SAS), is described. This method consists of
three steps: (1) a library of N-acyl aminocoumarins with diverse, low molecular weight N-acyl groups is
screened to identify protease substrates using a simple fluorescence-based assay, (2) the identified N-acyl
aminocoumarin substrates are optimized by rapid analogue synthesis and evaluation, and (3) the optimized
substrates are converted to inhibitors by direct replacement of the aminocoumarin with known mechanism-
based pharmacophores. The SAS method was successfully applied to the cysteine protease cathepsin S,
which is implicated in autoimmune diseases. Multiple distinct classes of nonpeptidic substrates were identified
upon screening an N-acyl aminocoumarin library. Two of the nonpeptidic substrate classes were optimized
to substrates with >8000-fold improvements in cleavage efficiency for each class. Select nonpeptidic
substrates were then directly converted to low molecular weight, novel aldehyde inhibitors with nanomolar
affinity to cathepsin S. This study demonstrates the unique characteristics and merits of this first substrate-
based method for the rapid identification and optimization of weak fragments and provides the framework
for the development of completely nonpeptidic inhibitors to many different proteases.

Introduction based approaches have been developed wherein low molecular
weight fragments are identified that bind to the desired target
with modest affinity and are subsequently optimized to yield
more potent compounds.

The two key challenges in fragment-based screening methods
gre (1) the accurate and efficient identification of weak binding
%ragments, and (2) an effective means for the rapid optimization
Pf the initial weak binding fragments into higher affinity
compounds. Inhibition assays common to HTS often are not
effective for identifying weak-binding fragments because a high
incidence of false positives can result from aggregation and
nonspecific protein binding at the high fragment concentrations
necessary to detect weak inhibiti®ri! False positives can be
eliminated by direct detection of binding using nuclear magnetic
. . . resonance and X-ray crystallography. These approaches have
like compounds is currently the standard drug discovery method the added advantage that structural information can be obtained

for identifying small molecule ligands for receptors and AR L
to provide insight for fragment optimization. However, these
enzymes. Unfortunately, for proteases, there are few examples

for which HTS has provided useful, nonpeptidic inhibitérs. methods require Iarge qugntltles of protein, ha"? relatively
For challenging protein targets, such as proteases fragment-mOdeSt throughput with dedicated use of expensive instrumenta-
’ ' tion, and are only effective when both the fragments and the

proteins are soluble and well behaved at concentrations neces-

Proteases play a vital role in many physiological processes
and are essential to the life cycles of many pathogens. As a
result, protease inhibitors are actively being pursued to treat a
large number of different diseases, including cancer, cardio-
vascular, autoimmune and neurodegenerative diseases, and vir
and parasitic infectionsTypically, protease inhibitors have been
developed on the basis of the preferred peptide substrates o
the protease being targeted. While this approach often rapidly
provides potent peptidic inhibitors, it has proven to be incredibly
challenging to convert these peptidic inhibitors into nonpeptidic,
drug-like structures necessary to achieve good oral bioavail-
ability, relevant tissue penetration, and long circulating half-
lives. High throughput screening (HTS) of libraries of drug-

T Present address: Novartis Institute for Biomedical Research, Cam-

bridge, MA.
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Scheme 1. Outline of the Substrate Activity Screening Method Scheme 2. General Method for Synthesizing Potential Substrates
0, 0. 1) Fmoc deprotection
o N OH OH D 2)couple RCO,H o \ OH
J\ 2 = ._\ 3) derivatization )_I\
o step1 I o if necessary o
R °N (O e] + 4 ., RT N {6 o]
H R™ "OH H,N [0 26} Frsahii o <o 4) cleave with acid H
Fluorogenic N-acyl aminocoumarin fluorescent
substrate library Weak protease substrates identified

Steps 2 and 3 (Scheme 1) provide a strategy for systematically
o /@\)\I\[(OH and efficiently progressing substrates incorporating weak binding
Siop 2 Rowm.)kN 030°  steps  Resina—Pharmacophore fragments i_nto high aﬁini_ty inhibitors, thereby addr_essing the
— H second major challenge in fragment-based screening methods,
the rapid optimization of fragments into inhibitors. In step 2,
the activity of the substrates is rapidly optimized by the
straightforward solid-phase synthesis and subsequent assay of
focused libraries of substrate analogues. Step 3 then builds upon
a key attribute of this mechanism-based substrate screen, that
the N-acyl aminocoumarin must be precisely oriented in the
active site to enable productive substrate cleavage, and therefore
the aminocoumarin can be replaced with mechanism-based
pharmacophores to directly provide protease inhibitors. The

the binding site, and a library of fragments derivatized with choice and versatility of pharmacophores allows reversible or
thiols modified as mixed disulfides must be prepared. Despite . . versatiiity ot p cop } .
irreversible inhibitors to be rapidly obtained once efficient

these issues, fragment-based methods have been successful in . o
identifying ligands to a number of challenging protein tardéts, substrates are identified. ] ]
including the identification of inhibitors of proteases such as ~ 1he SAS method was successfully applied to the cysteine
gelatinase B3 stromelysint4 urokinase'® and caspase-3. protease, cathepsin S, whlqh is mpllcated in .aut0|mmun.e
Herein, a new fragment-based method for the simple, rapid, dlseaseg, su.ch.as rheumatmd .arthrms and multiple scller03|s.
and efficient development of novel, nonpeptidic inhibitors of Cathepsin S is involved in the final step of the degradation of
proteases, called Substrate Activity Screening (SAS), is reportedthe Invariant Chain, which is necessary for antigen presentation
(Scheme 1). A library oN-acyl aminocoumarins with diverse, ~and subsequentimmune respotfsklultiple distinct classes of
low molecular weightN-acyl fragments is prepared, and then noppeptld|c sqbst.rates were identified upon screenirig-aoyl
in step 1, the library is screened to identify protease substrates2Minocoumarin library. Two of the distinct substrate classes
using a one-step, high throughput fluorescence-based assayVere optlmlzed, Ieadmg 'to substrates witBO0O-fold improve-
Although nonpeptididN-acyl aminocoumarins have not previ- ments in clegvage efficiency for gach class. Select substrates
ously been exploredy-peptidyl aminocoumarins have been used Were then directly converted to highly novel, low molecular
extensively as fluorogenic substrates of serine and cysteineWeight, nonpeptidic aldehyde inhibitors with nanomolar affinity
proteases for HTS, biochemical characterization, and substratd® cathepsin S22t
specificity determination due to the simplicity, efficiency, and
sensitivity of the fluorescence-based asSalydeed, methods
have been developed that enable the straightforward solid-phase  synthesis ofN-Acyl Aminocoumarin Substrate Library.
synthesis of libraries of peptidyl aminocoumarins, and similarly 5 library of N-acyl aminocoumarin substrates was prepared
should enable the efficient solid-phase synthesis of fragment- 5ccording to the procedure shown in Scheme 2. In the first step,
basedN-acyl aminocoumarin libraries. The substrate-based the Fmoc group was removed from support-bound Fmoc-
screening method in step 1 (Scheme 1) has important attributesprotected 7-amino-4-methyl coumarin acetic acid (Fmoc
for detecting weak binding fragments in addition to being high AMCA) to liberate a free amine, which was then acylated with
throughput and straightforward to perform. False positives due 47 commercially available carboxylic acids, which serve to
to aggregation, protein precipitation, or nonspecific binding are jyioduce the diverse fragments. Carboxylic acids were selected
not observed because active enzyme and productive active sit§, have a low molecular weight (av. M SD is 210+ 50),
binding are required for protease-catalyzed amide bond hy- qrq.jike structure, and to incorporate both hydrophobic and
drolysis that releases the fluorescent coumarin group. In add't'on'hydrogen-bonding groups. To achieve further substrate diversity,
in contrast to direct binding assays and traditional inhibitor g 5w molecular weight fragments (av. MW SD is 240+
screens, catalytic substrate turnover results in signal amplifica- 40) were also introduced by performing transformations upon
tion, and therefore even very weak substrates can be identifiedN_aCy| aminocoumarin derivatives, including amine acylations,
at concentrations where only minimal binding to the enzyme 4.4 1,3-dipolar cycloadditions to afford a variety of five-

OCCUIS: membered heterocycles such as oxadiazoles, 1,2,4-triazoles,
1,2,3-triazoles, isoxazoles, isoxazolines, pyrazoles, and pyra-

Potent substrates identified > Potent inhibitors identified

sary to achieve significant protein binding. Tethetfig a mass

spectrometric method for the direct detection of binding that
results from disulfide interchange of a thiol-derivatized fragment
and a cysteine thiol located proximal to the protein binding site.
This procedure is high throughput and requires only small
quantities of protein. However, a cysteine residue must be
present or introduced into the protein at a position proximal to

Results

(12) Erlanson, D. A.; Braisted, A. C.; Raphael, D. R.; Randal, M.; Stroud, R.

M.; Gordon, E. M.; Wells, J. AProc. Natl. Acad. Sci. U.S.£200Q 97, zolines. In the final step, th&l-acyl aminocoumarins were
9367-9372.
(13) Wang, X.; Choe, Y.; Craik, C. S.; Ellman, J. Bioorg. Med. Chem. Lett.
2002 12, 2201-2204. (18) Ward, Y. D.; et alJ. Med. Chem2002 45, 5471-5482.
(14) Hajduk, P. J.; et al. Am. Chem. S0d.997, 119, 5818-5827. (19) Thurmond, R. L.; Beavers, M. P.; Cai, H.; Meduna, S. P.; Gustin, D. J.;
(15) Nienaber, V. L.; Richardson, P. L.; Klighofer, V.; Bouska, J. J.; Giranda, Sun, S.; Almond, H. J.; Karlsson, L.; Edwards, JJPMed. Chem2004
V. L.; Greer, J.Nat. Biotechnol200Q 18, 1105-1108. 47, 4799-4801.
(16) Erlanson, D. A.; et alNat. Biotechnol2003 21, 308-314. (20) Jeffrey, S. C.; et all. Med. Chem2005 48, 1344-1358.
(17) Maly, D. J.; Huang, L.; Ellman, J. AChemBioChen2002 3, 17—37. (21) Leroy, V.; Thurairatham, SExpert Opin. Ther. Pa2004 14, 301—311.
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Table 1. Representative Structure and Activity of
1,4-Disubstituted-1,2,3-triazole Substrate Derivatives
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Figure 1. Relative fluorescent units (RFU) versus time for (A) 1,4- Mechanism-based inhibitor as a transition state analogue and
disubstitqted—l,2,3—tr_iazole, (B) phenox_yacetyl, and (_C) isoxazoline sub- k,, equaling the rate of hydrolysis for the uncatalyzed reaction.
strates with cathepsin 3(and M) and without cathepsin SX and0). For related series of substratdsindk,, should remain constant,
and therefore the log) should directly correspond to the log-
(Km/kead. This correlation has been demonstrated for multiple
series of peptidic substrates and inhibitors targeting different
proteases?

F

8200

cleaved from support by treatment with trifluoroacetic acid
followed by HPLC purification.

Step 1: Substrate Identification. The library of 105N-acyl
aminocoumarins incorporating diverse acyl fragments was
initially screened at 1.0 mM in substrate and 750 nM in loa(K.) = loa(K + loa(d 1
cathepsin S (see Supporting Information for a full list of 9(k) 9(Kn/kead 9k @

compounds screened). From this assay, a clear increase in ; 4 pigybstituted-1,2,3-triazole SubstratesSeventy-six de-
fluorescence over time was observed for multiple distinct aiives of the 1,4-disubstituted-1,2,3-triazoles were synthesized
substrate classes. Assay data for three of the distinct Ilbraryby the general method outlined in Scheme 2. The support-bound
members are shown in Figure 1. These weak initial substrate 5 inocoumarin was acylated with an azido acid, and then a
hits, with an average fragment .molecular weight of 216 Da, Cu(l)-catalyzed 1,3-dipolar cycloaddition was conducted with
show clear and reproducible signals over background evenye mina| alkynes. For the preparation of some of the analogues,
though they are TOless efficient substrates than a standard g, ther modification of the support-bound cycloaddition product
N-peptidyl aminocoumarin substrate of cathepsin S, CbzLedArg a5 150 performed (see Material and Methods). The substrates

AMCA. Based upon the facile, regioselective synthesis of 1,4- \yare then cleaved from support, purified, and assayed against
dlsubst|tuted-l,2,3-.tr|azoles (Figure 1A)’ gn.d. the ”QVG'W of the cathepsin S. Table 1 shows the relative cleavage efficiencies of
phenoxyacetyl moiety for protease inhibition (Figure 1B), ggject substrates to highlight the progression from the initial

optimization of these two scaffolds was pursued. hit (entry 1) to a substrate that is cleaved 8200-fold more
Step 2: Substrate Optimization.Analogues of the substrates efficiently (entry 12).

were synthesized by solid-phase methods and were assayed at Thirty-four analogues of the initial hit (entry 1, Table 1)

substrate conpgqtratlons bglow g of the substrates to obtaln. displaying diverse hydrocarbon and polar functionality were
Su,bs,trat,e activities that directly correspond to .the catalytic prepared and screened, resulting in the identification of hydroxy-
efficiencies KeafKm) of the substrates (see Supporting Informa- g ptityted analogues (entries 2 and 3) with 6.3- and 31-fold
tion for a full list of compounds and activities). This was  geater cleavage efficiencies than the initial hit (entry 1).

accomplished by determining th, of the most active  pepiacement of the alcohol with an amine (entry 4) provided
substrates-{top 10%) under a set substrate concentration. If & 5, inactive compound. However, evaluation of several acylated
substrate was then identified that hadg below the assay  yerivatives resulted in the identification of a benzamide analogue

substrate concentration, all of the substrates assayed undertha(%mry 5) with 700-fold greater cleavage efficiency than the
condition were then reassayed at a substrate concentration below i1 hit. The epimeric compounds in entries 6 and 7 were

the lowestKpy. Conducting the assay under conditions that yegigned to combine the benzamide functionality with the
provide relative catalytic efficiencies is necessary because yinpatic functionality that had provided the optimal cleavage
transition-state theory on enzyme-catalyzed reactions pred'CtSefﬁciency for the hydroxy substituted analogues (entry 3). The
that the inhibitory activity Ki) of transition-state analogue g,y me showed strong chiral recognition, with one epimer (entry

inhibitors can be correlated with the inverse of catalytic 7) showing 4400-fold and the other epimer (entry 6) only 35-
efficiency of the corresponding substraté&smkea) according

to eqg 1, withd providing a measure of the effectiveness of the (22) Mader, M. M.; Bartlett, P. AChem. Re. 1997, 97, 1281-1302.
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Table 2. Representative Structure and Activity of Phenoxyacetyl Table 3. Activity of 1,4-Disubstituted-1,2,3-triazole Substrates and
Substrate Derivatives? Inhibitors
o
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stituted system (entry 4). Based on these results, another 29

s
e
4 H o 170 8 O O FH 27000 potential substrates were prepared, which primarily included
F F

various substituents at tipara-position and various halogenated
derivatives of the terminal phenyl ring. Many of these analogues
were active substrates, and in general the analogues incorporat-
ing fluorine substituents were the most active, such as in entries
fold greater cleavage efficiency than the initial hit (entry 1). 6 7, and 8. The substrate with the highest cleavage efficiency
Thirty-five substrates were then prepared and assayed to probd®ntry 8) contained three fluorine atoms on the terminal phenyl
the binding interactions provided by the benzamide group. All fiNg and was cleaved 10 000-fold more rapidly than the initial
of these analogues served as substrates for cathepsin S to varioddt substrate.
degrees. The analogues shown in entries 9, 10, and 11 illustrate Step 3: Conversion of Substrates into Inhibitors The final
thatmeta and para-substitution is tolerated better thartho- step of the SAS method involves conversion of the optimal
substitution (entry 8). The substrate with the highest cleavage Substrates to inhibitors by replacement of the aminocoumarin
efficiency (entry 12) incorporates a thiophene in place of the With a mechanism-based pharmacophore. For this study, the
phenyl ring of the benzamide group and is cleaved 8200-fold @minocoumarin group was replaced with a hydrogen atom to
more rapidly than the initial hit. provide an aldehyde, which is a minimal mechanism-based
Phenoxyacetyl SubstratesA total of 55 derivatives of the ~ Pharmacophore for cysteine proteases. Upon binding of the
phenoxyacetyl fragments were synthesized by the gen(_:‘ra|inhibitor in the active site and addition of the active-site cysteine
procedure outlined in Scheme 2. The support-bound aminocou-thiol to the aldehyde, a tetrahedral adduct is formed, which is
marin was acylated with chloroacetic anhydride, and then the @n analogue of the transition-state. Based on transition-state
chloride was displaced with commercially available phenols theory (eq 1), good correlation between Ig(kea) and log-
under basic conditions. If necessary, further derivatization of (Ki) is expected for compounds in related chemical séfigée
the support-bound compound was carried out after chloride substrates with greatest cleavage efficiency for each series
displacement (see Material and Methods). The substrates wereshould therefore provide the highest affinity inhibitors.
then cleaved from support, purified, and assayed against The two triazole substrates with greatest cleavage efficiency
cathepsin S. Table 2 shows the relative cleavage efficiencies ofwere converted to potent aldehyde inhibitors with low nanomolar
select substrates to highlight the progression from the initial Kivalues (entries 4 and 5, Table 3). These nonpeptidic inhibitors
hit (entry 1) to a substrate that is cleaved 10 000-fold more are quite structurally distinct from any of the previously reported
efficiently (entry 8). cathepsin S inhibitors. The optimal phenoxyacetyl substrate
Sixteen derivatives of the initial hit were first prepared and resulted in an inhibitor with nanomolar activity (490 nM) (entry
assayed to investigate the effect of substitution on the phenoxy4, Table 4). This inhibitor also serves as an extremely promising
group. A number of more active substrates were identified, starting point for drug discovery because of its low molecular
including the compounds in entries 2 and 4, which show 6.6- weight (266 Da) and completely nonpeptidic structure, which
and 64-fold greater cleavage efficiency than the initial hit, would have unlikely been identified by traditional methods.
respectively. Comparison of the phenoxyacetic acid substrates Substrates with a range of cleavage efficiencies for each
to the triazole substrates prompted introduction ofnaoutyl substrate class were also converted to inhibitors to establish the
group alpha to the carbonyl, but the substrate was not activecorrelation between the substrate cleavage efficiency and
under the assay conditions, which confirms the very different inhibitor affinity for compounds in related chemical series.
binding modes of the two substrate classes (entry 3). Next, 11 Inhibitors were prepared corresponding to five triazole substrates
analogues of the compound in entry 4 were prepared primarily with an 80-fold range in cleavage efficiencies (Table 3) and
to explore substitution at thertho-, meta, andpara-positions four phenoxyacetyl substrates with an 160-fold range in cleavage
of the terminal phenyl ring of the biaryl moiety. Substrates with efficiencies (Table 4). As shown in Figure 2A and B, outstand-
substituents at theara-position of the terminal phenyl ring  ing correlation between lol{/k.a) and logK;) was observed
showed the greatest increase in cleavage efficiency. A 13-fold for both seriesR? = 0.98 and 0.94, respectively, confirming
increase in activity was observed whepaa-fluoro group was that rapid substrate optimization followed by conversion of the

introduced on the phenyl ring (entry 5) relative to the unsub-

aThe relativekc.alKnm values are correlated to the relatikg/Km, reported
for the initial triazole hit listed in entry 1 of Table 1.

15524 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005
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Table 4. Activity of Phenoxyacetyl Substrates and Inhibitors? The substrate-based screening method reported here for
R, fragment identification and progression to inhibitors could be
R directly applied to many different proteases. Many of these

enzymes are important therapeutic targets for the treatment of
o\)LR a variety of human diseasé#oreover, substrate-based frag-

' ment screening and optimization approaches could be applied
to many different enzyme families with the key requirements

R
o

Ry = AMCA Ri=H being an appropriate method for efficiently and accurately
entry Re Rs R rel. kealKon KM monitoring substrate turnover and the availability of mechanism-
1 H H H 170 3%+ 9 based pharmacophores for converting optimized substrates into
2 H H Ck 2800 1.6£0.1 inhibitors
3 H F F 3400 1.3t 0.2 ’
4 F F F 27000 0.4%0.05 Material and Methods
? The relativekea/Km values are correlated to the relathe/Km reported General Methods. Low amine content DMF was purchased from
for the initial triazole hit listed in entry 1 of Table 1. EM Science (Cincinnati, OH), Wang resin was purchased from
A) 1,2,3-Triazole series B)  Phenoxyacetyl series Novabiochem (San Diego, CA), and HATU was obtained from
EpT— 4 o850+ 644 6 PerSeptive Biosystems (Foster City, CA). Reactions were conducted
y'p;_’:\‘“' . . Y-R'2=0l94' /’ in polyp_ropylene cartridges equipped with 70 mm PE frits ‘(Applied
_ - 4 Separations, Allentown, PA) and Teflon stopcocks. Reactions were
§-’ L3 2 = / gently rocked on an orbital shaker table during the solid-phase reactions.
< / ) L 3 Heating solid-phase reactions were conducted in a glass vial (Kimble
M ' °/ Artible No. 60700-5) with a screw cap (Kontes Article No. 410119-
s . 2 2015 open cap with Kimble Article No. 749110-0022 valve) and gently
35 2.5 15 -5 -3 -1 stirred in a heating module (PIERCE Reacti-Therm IIl). Fmoc-protected
10g(K /K car) log(rel. K m/K car)

_ 7-amino-4-methyl coumarin acetic acid (Fmmo&MCA) was synthe-
Figure 2. (A) Plot of log(Km/kea) and logKi) for triazole substrates and  sjzed according to a method analogous to the synthesis of 7-amino-4-
corresponding inhibitors. (B) Plot of log(relativén/kea) and logf) for carbamoylmethylcoumarf.The HCI salt of §)-3-amino-3,4-dimethyl-
phenoxyacetyl substrates and corresponding inhibitors. 1-pentyne was prepared by the addition of lithium trimethylsilylacetylide

. s . . to N-sulfinyl isopropyl methyl ketimine according to literature proce-
optimal substrates to inhibitors is indeed a valid approach for a4 Y ISOPTORY Y g P

the progression of weak fragment-based substrates t0 high  General Synthesis of Substrates. Loading of FmeeAMCA onto
affinity inhibitors. Wang Resin (Scheme 2)A solution of Fmoe-AMCA (2.3 equiv,
0.3 M) and pyridine (3.8 equiv, 0.5 M) in anhydrous DMF was added
to a cartridge containg5 g of Wang resin (106200 mesh, 0.91.30
mmol/g) pre-swollen in 50 mL of anhydrous DMF. After slow addition

. . L of 2,6-dichlorobenzoyl chloride (2.3 equiv), the mixture was shaken
identification and optimization method and offers clear advan- . . .
for 48 h. After solvent removal, the resin was washed with three portions

tage_s over the generation_ of prot_ease_ inh_ibitor_ leads fr_om (50 mL) each of DMF, THF, CKOH, THF, and CHCl,. The remaining
peptides. For example, active peptidomimetics with drug-like gqyent was removed in vacuo, and the FrmédICA —Wang resin
properties are typically difficult to identify and often require \yas stored at-20 °C until further use.

synthetically demanding modifications such as ring constraints  General Procedure for Loading Carboxylic Acids onto AMCA—

and bioisostere replacements. In contrast, nonpeptidic hit Wang Resin (Scheme 2)A 20% solution of piperidine (vol/vol) in
fragments reliably identified by SAS can be constructed through DMF (5 mL) was added to a cartridge containing 0.15 g of Fmoc
facile chemistry or commercial building blocks, making them AMCA—Wang resin (0.360.72 mmol/g by Fmoc quantitation). The
highly chemically tractable. The fragments can then serve as mixture was sh_aken for 5 min, the solution was removed, and the resin
flexible starting points for the efficient development of lead Was washed with 5 mL of DMF. The process was repeated once, and
candidates by substrate optimization to select for higher affinity N resin was washed with DMF (3 5 mL). A solution of HATU

. " . . ~ (0.40 M, 5 equiv), collidine (0.40 M, 5 equiv), and carboxylic acid
g%nr:agﬂ:ﬂisb\;:grsdrug like properties followed by direct conver (0.40 M, 5 equiv) in DMF was added to the resin, and the mixture was

shaken for 12 h. After removal of the solution, the resin was washed
Indeed, the SAS method was successfully applied to the with 5 mL of DMF, and the process was repeated. After removal of
identification of two distinct classes of novel, nonpeptidic the solution, the resin was washed with three portions (5 mL) each of
inhibitors of cathepsin S with nanomolar affinity. In the first DMF, THF, CHOH, THF, and CHCI,, and after the solvent was
step, a diverse library of fragment-baseccyl aminocoumarins removed in vacuo, the resin was further derivatized or the product was
was screened and resulted in the identification of multiple cleaved from the solid support [see General Procedure for Support
distinct substrate classes. In the second step, substrate optimiza<'eavage and Purification of Product]. _
tion by rapid analogue synthesis and evaluation resulted in Gene_ral Procedure for Synthesis of Triazole Substrates Listed
substrates withr 8000-fold greater cleavage efficiency than the " Entries 1—4 (Table 1). Ns—Nle~OH was prepared from.-
s . . L norleucine according to a literature procedfi@nd then was loaded
initial substrates. erect conversion of the substrates to mhlbltors onto AMCA—Wang resin according to the general procedure for loading
Was.therll accomplished simply bY replacement of the am'nocou'carboxylic acids described above. To 01015 mmol of the resulting
marin with a hydrogen atom to introduce the aldehyde mech-
anism-based pharmacophore. The novel, nonpeptidic inhibitors23) maly, D. J.; Leonetti, F.: Backes, B. J.; Dauber, D. S.; Harris, J. L.; Craik,
that resulted from this process are distinct from previously ,, C. S.; Ellman, J. AJ. Org. Chem2002 67, 910-915.

. . ) Cogan, D. A,; Liu, G. C.; Ellman, Jetrahedron1999 55, 8883-8904.
reported inhibitors of cathepsin S. (25) Lundquist, J. T. t.; Pelletier, J. Qrg. Lett.2001, 3, 781-783.

Discussion

The SAS method is the first substrate-based fragment
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ARTICLES Wood et al.

Ns—Nle—AMCA —Wang resin were added alkyne (0.02 M, 2.0 equiv), portion of the cleavage solution and three portions of,Clkl The
i-PRLEtN (1 M, 100 equiv), and Cul (0.0025 M, 0.25 equiv) in THF, combined washes were concentrated under reduced pressure. The crude
and the mixture was shaken for-288 h. The solution was removed,  product mixture was purified by HPLC [preparatory reverse phase C18
the resin was washed with 20 mL of THF, and the process was repeatedcolumn (24.1x 250 mm), acetonitrile/bD—0.1% CRCOH; 5—95%
After removal of the solution, the resin was washed with three portions over 50 min; 8 mL/min; 254 nm detection for 60 min] and either
(20 mL) each of THF, CkDH, THF, and CHCl,, and then the product  lyophilized or extracted with ethyl acetate followed by solvent removal.
was cleaved from the solid support [see General Procedure for SupportThe identity and purity of each compound was confirmed by LCMS
Cleavage and Purification of Product]. analysis of the purified material.

General Procedure for Synthesis of Triazole Substrates Listed General Synthesis of 1,2,3-Triazole-aldehyde Inhibitors (Entries
in Entries 5—12 (Table 1).To the cartridge containing the pre-swollen 1-5, Table 3). The HCI salt of §)-3-amino-3,4-dimethyl-1-pentyne
Ns—Nle—AMCA —Wang resin (0.180.15 mmol) were added the HCl 55 4cylated with the appropriate benzoic anhydride derivative. A Cu-

salt of (S)-S-amino-3,_4-dimethy|-l-pentyne (0.02 M 1_'5 equivir- (I)-catalyzed 1,3-dipolar cycloaddition between the terminal alkyne of
Et_N (1.3 M, 10;) iqUI\;), and CEI gﬁ04 M, 3.0 ?ql:('vr)]m Tll_“: andhthe the benzamide product ands™NNle—OH was next performed. The
mixture was shaken for 2848 h. After removal of the solution, the carboxylic acid of the resulting 1,2,3-triazole derivative was then

resin was washed with three portions (25 mL) each of TH.Fam i methylated with diazomethane, and the resulting methyl ester was then
acetonitrile, and THF. After solvent removalPrEIN (8 equiv) was . . .
added to the derivatized resin. To a THF solution of carboxylic acid reduced with DIBAL to give the corresponding aldehyde. For the

: Y synthesis of the aldehyde inhibitor listed in entry 5 (Table 3), it was

(0.1 M, 3.5 equiv) and triphosgene (0.03 M, 1.1 equiv) was added 2,4,6- ) PN o . )
collidine (0.3 M, 10 equiv). The resulting slurry was stirred for 1 min necessary to first protechk3 amino 3,4-dimethyl-1-pentyne with B.OC
: L - . anhydride, followed by performing the copper-catalyzed 1,3-dipolar
and then was added to the cartridge containing the derivatized resin. S . . .
The resulting mixture was shaken for-42 h. After removal of the cycloaddition with norleucine azide methy esteg{fille—OCH). The
Boc group on the amine of the resulting triazole product was cleaved

solution, the resin was washed with 25 mL of THF, and the coupling ~. h CECOH. and th " X h ated with th
was repeated two more times. After removal of the solution, the resin With CRCOzH, and the resulting amine was then acylated with the

was washed with three portions (25 mL) each of THF ;OH, THF, acid chIoriQe of thiophen§-3-carboxylic aciq. Thg methyl ester was
and CHCl,, and then the product was cleaved from the solid support "€duced with DIBAL to give the aldehyde inhibitor. Due to facile
[see General Procedure for Support Cleavage and Purification of @/denyde to enol tautomerization, significant epimerization of the
Product]. aldehyde inhibitors occurred upon reverse-phase HPLC purification and
General Procedure for the Synthesis of Phenoxyacetyl Substrates isola_tion [detailed procgdures and f_uII analytical characterization are
(Table 2). Loading of Chloroacetic Acid.A 20% solution of piperidine ~ Provided in the Supporting Information].
(vol/vol) in DMF (17 mL) was added to a 40 mL cartridge containing General Synthesis of Phenoxyacetyl Aldehyde Inhibitors (Entries
2.0 g (1.1 mmol, 0.553 mmol/g) of FMe@AMCA —Wang resin. The ~ 1—4, Table 4). The appropriate 2-hydroxybiphenyl derivative, which
mixture was shaken for 15 min, and the resin was washed with three for the inhibitors listed in entries-14 (Table 4) was prepared by Suzuki
portions (20 mL) each of DMF, C4#0H, and CHCI,. After addition reaction between 2-bromophenol and the appropriate aryl boronic acid,
of 20 mL of CH.Cl,—pyridine (20:1, vol/vol) and chloroacetic acid  was coupled with ethyl bromoacetate under basic conditions followed
anhydride (752 mg, 4.4 mmol), the reaction mixture was agitated for by reduction with LiAlH, Dess-Martin oxidation of the resulting
2 h at room temperature, and then the resin was washed with two alcohol provided the desired aldehyde inhibitor, which was purified
portions (20 mL) each of DMF, water, DMF, and ethyl ether. The resin either by alumina or by silica gel chromatography [detailed procedures
was finally dried under reduced pressure to give the desired resin-boundand full analytical characterization are provided in the Supporting

chloroacetamide AMCA. Information].

Loading of Phenol Derivatives.To resin-bound chloroacetamide General Assay Procedure.The proteolytic cleavage ol-acyl
AMCA (0.1 mmol) was added a solution of the appropriate phenol zminocoumarins by cathepsin S was conducted in DYNATECH
derivative (5 equiv) and fert-butylimino-2-diethylamino-1,3-dimethyl-  \jicrofluor fluorescence 96-well microtiter plates (black plates), and

perhydro-1,3,2-diazaphosphorine (3 equiv) in THF (2 mL). After being  eadings were taken on a Molecular Devices Spectra Max Gemini XS
stirred gently at 70C for 15-18 h, the resin was transferred into a 10 jhsiryment. The excitation wavelength was 370 nm, and the emission
mL polypropylene cartridge and subsequently_ rinsed With two p0|_'ti0ns wavelength was 455 nm with a cutoff of 435 nm. For CbzLeuArg
(2 mL) each of DMF, CHOH, and CHCI; to give the desired resin. Ay an excitation wavelength of 355 nm and an emission wavelength
Suzuki Coupling (Table 2, Entries 5-8). To the resin obtained 4 450 were used. The assay buffer consisted of a 100 mM solution of
above using 2-bromophenol (0.1 mmol) was added either DME (2 mL), p14 6.1 sodium phosphate buffer with 100 mM sodium chloride, 1 mM
a 2 M aqueous solution of N@O; (0.25 mL, 0.5 mmol), arylboronic of DTT, 1 mM of EDTA, and 0.001% Tween-20.
acid (0.5 mmol, 5 equiv), and tetrakis(triphenylphosphine)palladium
(11 mg, 0.01 mmol) or potassium phosphate (106 mg, 0.5 mmol),
arylboronic acid (5 equiv), tris(dibenzylideneacetone)dipalladium(0)
chloroform adduct (10 mg, 0.01 mmol), 2-(dicyclohexylphosphino)-
biphenyl (14 mg, 0.04 mmol), and dioxane (2 mL). After being purged

Assay Procedure forN-Acyl Aminocoumarin Substrates. Assays
were conducted at 37TC in duplicate with and without the enzyme. In
each well were placed 38 of enzyme solution and 2L of a DMSO
solution of anN-acyl aminocoumarin. For assays longer than 10 min,
with N, the capped reaction vessel was placed in-a®%°C oil bath, SealPlate (adhesive. sealing films for micropIaFes) was qsed to seal the
and the mixture was gently stirred for 238 h. The resin was plate between readings, to prevent evaporation. Relative fluorescent

transferred into a 10 mL polypropylene cartridge and subsequently units (RFU) were measured at regular intervals over a period of time

rinsed with two portions (2 mL) each of DMF, water, gbH, and (maximum 4 h). A plot of RFU versus time was made for each library

CH,ClI; to give resin-bound biaryloxyacetamid@MCA. The product member with and without cathepsin S.

was then cleaved from support according to the general cleavage and To determine theK,, and ke Of selected substrates, assays were

purification conditions. conducted at 37C in duplicate with and without the enzyme at six
General Procedure for Support Cleavage and Purification of substrate concentrations above and belowkih®f each substrate. In

Product. The resin was swollen in Ci€l,. To the swollen resin was each well were placed 34- of enzyme solution and 2L of a DMSO

then addd a 5 mLsolution of 9:1 CHCI,:(95% CRCO,H, 2.5% HO, substrate solution. RFU were measured at regular intervals over a period

2.5% triisopropylsilane). The mixture was shaken or allowed to sit for of time (maximum 1 h). A plot of RFU/s versus substrate concentration,
1-2 h. Upon removal of the solution, the resin was washed with one analyzed using KaleidaGraph, was used to deterrfineand Vmax.
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Substrate Activity Screening ARTICLES

Using the RFU perM for AMCA and the cathepsin S concentration,  solutions were incubated for 30 min at 3C, and then 1Q.L of the

determined by E-64c titratiof?, kesr Was determined. substrate CbzLeuArgAMC was added and cleavage of CbzLeuArg
Assay Procedure for Aldehyde Inhibitors. Time-dependent inhibi- AMC was monitored over 5 min. The reversibility of the inhibitors

tion assays were conducted with the enzyme and inhibitor preincubatedwas confirmed by performing dialysis using Pierce Slide-A-Lyzer extra

for 10, 30, and 60 min. For aK; determinations, the assays were strength dialysis cassettes, with a molecular weight cutoff of 10 kDa.

conducted at a time when equilibrium between the enzyme and inhibitor Enzyme and inhibitor were preincubated with an inhibitor concentration

was established, as determined by the time-dependent inhibition assayssufficient to completely inactivate the enzyme, and then dialysis was

The dissociation constantf were calculated by the method of conducted followed by evaluation of regain of activity.

Dixon.?” Two concentrations of CbzLeuArgAMC (AMC = 7-amino-

4-methylcoumarin, Peptide International, Louisville, KY) were used ~ Acknowledgment. We acknowledge support from the NIH

(2 and 5uM, Ky, = 23 M%), and the cathepsin S concentration in the (Grant GM54051). H.T. also gratefully acknowledges support

assays was 0.6 nM. Assays were conducted in duplicate with and from Sankyo Co., Ltd.

without inhibitor at five inhibitor concentrations to provide from 15% . . . L

to 90% enzyme inhibition. In each well were placed 1&0f enzyme Supporting Information Available: Tables listing all sub-

solution and 10uL of a DMSO inhibitor solution. The resulting  Strates and detailed procedures for the synthesis of all substrates

and inhibitors, and full author lists for refs 2, 4, 6, 16, 18, and

(26) Barrett, A. J.; Kembhavi, A. A.; Brown, M. A.; Kirschke, H.; Knight, C. 20, This material is available free of charge via the Internet at
G.; Tamai, M.; Hanada, KBiochem. J1982 201, 189-198.

(27) Dixon, M. Biochem. J1953 55, 170-171. http://pubs.acs.org.
(28) Bromme, D.; Bonneau, P. R.; Lachance, P.; Storer, Al.@iol. Chem.
1994 269 30238-30242. JA0547230
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