5262 J. Med. Chem2006,49, 5262-5272

Rhenium Inhibitors of Cathepsin B (ReO(SYS)X (Where Y=S, py; X = Cl, Br, SPhOMe-p)):
Synthesis and Mechanism of Inhibition
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The synthesis of four new oxorhenium(V) complexes containing the 13 mixed-ligand donor set, ReO-
(SYS)X (where Y='S, py; X= Cl, Br), is described. All of the complexes tested exhibited selectivity for
cathepsin B over K. Most notably, compouBdReO(SSS-2,2Br (ICs¢(cathepsin B 1.0 nM), was 260

times more potent against cathepsin B. It was also discovered that complexes containing the same tridentate
(SSS) ligand were more potent when the leaving group was bromide versus chloride (g(gath€psin

B): ReO(SSS-2,2Cl (4), 8.8 nM; ReO(SSS-2')Br (6), 1.0 nM). Mechanistic studies with cathepsin B
showed that both compoun@gReO(SpyS)(SPhOMp}) and4 were active-site-directed. CompouBdavas
determined to be a tight-binding, reversible inhibitor, while compodndas a time-dependent, slowly
reversible inhibitor. The results described in this paper show that the oxorhenium@/)1*3complexes

are potent, selective inhibitors of cathepsin B and have potential for the treatment of cancer.

1. Introduction Scheme 1

Protease enzymes catalyze the cleavage of proteins and can o

be divided into five mechanistic classes defined by the functional NHR'
amino acid residue at the active site. These protease classes are free enzyme &» O tetrahedral intermediate
the serine, aspartate, cysteine, metallo, and threonine proteases. g-s~ — 7——— R NHR'
An imbalance in the regulation of protease activity can S—E
contribute to a number of disease processes, and the cysteine 0O
proteases have been implicated in the pathophysiology of several R_<
diseases including inflammatory airway diseases, bone and joint OH
disorders, parasitic diseases, and cahiceFhe most extensively H,0 HN—R'
studied lysosomal cysteine protease, cathepsin B, is of particular o 2
interest in our laboratory for its role in cancer. R

Cathepsin B is capable of degrading components of the S—E
extracellular matrix in such diseases as muscular dystréphy, acyl-enzyme
rheumatoid arthriti§,and tumor invasivenes$swith respect to
the last, cathepsin B has been demonstrated to be a prognostigegeneration of the free enzyme. The majority of cysteine
marker for several types of cancer (coloreéfaprostatel! protease inhibitors form either a reversible or irreversible
gastrict? pancreati¢? non-small-cell lund? breast® and covalent bond with the reactive cysteine in the active site,
brain'®). Increased expression and secretion of cathepsin B havethereby blocking the proteolytic activity of the enzyf&everal
been shown to be associated with numerous human andsuch inhibitors have been synthesized, and mechanistic studies
experimental tumors.~2° The exact role for cathepsin B in solid  have ensued.

tumors has yet to be defined, but it has been proposed to be Chymostatin and leupeptin (naturally occurring compounds

involved in metastasis, angiogenesis, and tumor Progf?gﬁ%- produced by certaitreptomycestrains) both contain peptide
Carcinoma cell invasion and metastasis can be inhibited by thesequences, which serve to bind the inhibitor in the active?3ite,

R

nonspecific, irreversible, cysteine protease inhibitor %6472 along with a reactive amino acid aldehyde, which reacts
Cathepsin B therefore presents itself as a possible therapeutiGeyersiply with the active-site cysteine to form a tetrahedral
target for the control of tumor progression. hemithioacetal® The peptidyl aldehydes are slow-binding

The cysteine protease active site is composed of cysteine,inhibitors of cathepsin B! E-64, isolated fromAspergillus
histidine, and asparagine residues in a catalytic triad. The japonicus®2 was shown to be a general inhibitor for the entire
cysteine and histidine form a stable thiolatidazolium ion  family of cathepsins with no selectivity for one over the otffer.
pair, which is essential for enzyme activity. Scheme 1 illustrates |ncorporation of the epoxysuccinyl group of E-64 (the point of
the nucleophilic attack of the thiolate cysteine on the carbonyl reaction by the nucleophilic cysteine residue) into peptides with
carbon of the Substrate, resulting in a tetrahedral intermediate.sngh“y modified structures Compared to that of E-64 y|e|ded
A covalent-bound acyl enzyme is formed upon cleavage of the the cathepsin B-specific inhibitors CA030 and CA074. The
peptide bond. Hydrolysis of the acyl enzyme allows the Xray crystal analysis of cathepsin B inhibited by both CA®30
and CA074° has been reported, and more recently the crystal
* To whom correspondence should be addressed. Phone: (604) 530-structure of the epoxysuccinyl inhibitor NS-134, specific for

1057. Fax: (604) 530-0976. E-mail:ibaird@anormed.com. ; i

a Abbreviations: AMC, aminomethylcoumarin; DTT, dithiothreitol; E-64, ca.the.p§|n B, was reporté@lAnother novel .Cla.ss of cathepsm.
L-trans-epoxysuccinylleucylamido(4-guanidino)butane; pAjitroaniline; B 'nh!b'tors uses the heterocycle 1,2,4-thiadiazole as the thiol
RFU, relative fluorescence units. trapping pharmacophofé:38
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Cathepsin B is unique among the papain family of cysteine

proteases because it has endopeptidase activity (cleaves proteins

in the middle of the molecule) and has dipeptidyl exopeptidase
activity (cleaves two amino acid units from the C-terminus end
of proteins)3® This activity is due to a unique structural feature
known as the occluding loa¥,which partially blocks the active

2. Results and Discussion

2.1. SynthesisDuring the attempted synthesis of ReO(SpyS)-
(L) (where Ly = 4,6-dihydroxy-2-mercaptopyrimidine or 4,6-
diamino-2-mercaptopyrimidine) two products were isolated,
neither being the desired complex. The major product was a
very insoluble tan solid, which was determined to be the dimer

site. The basic residues His110 and His111 are located in thiS[ReO(SpyS)ﬂ(SpyS) by!H NMR and ESMS, while the minor

loop in such a way as to be well placed to interact with the free
C-terminal carboxylate of a polypeptide chain, directing it into

position for hydrolysis of the C-terminal dipeptide. The oc-

cluding loop provides structural constraints for the design of
an inhibitor, which will be able to functionally access the active-
site cysteine.

product was a green solid determined to be compdufReO-
(SpyS)CI; 16-12%). In an effort to increase the yield @&f
[BzEtsN][ReOCL] was treated with 10 equiv of LiCl in MeOH
followed by the addition of HSpySH; however, the major
product was once again the dimer with approximately 3% of
isolated. The analogous reaction with B#¥€| also yielded

We have developed a program to investigate metal-basedpredominantly [ReO(SpyS)SpyS) dimer. This suggested that
compounds as potential inhibitors of cysteine proteases. Severah higher chloride concentration would not block dimer formation

different metal-based compounds (containing Ru, Ni, Pd, Au,

and Re in several different oxidation states) have been inves-

and that the monodentate ligandi)Lis essential for the
formation of 1; presumably ReO(SpyS){).is formed in situ

tigated in our |ab0|'at0ry’ and the most potent Compounds are.and thenis S|0W|y converted tovia reaction with the free Cl

those containing the oxorhenium(V) core using the+3L1"
mixed-ligand donor set. The major advantage of using the “3
+ 1" mixed-ligand complex concept is that it allows for the
preparation of an array of compounds by modifying either the
chelating tridentate ligand or the monodentate lighné® The
rhenium center is very sulfurphilic, and others have proposed
that the rhenium center forms a covalentF&bond with the
cysteine in the active site to give a reversible rhenium-bound
inhibitor;*64” however, the reversibility of this interaction was
only speculated. The report that oxorhenium(V) 43 1”

complexes undergo a reversible reaction with nonprotein thiol-

containing molecules such as glutathione and free cysteine in

vivo further suggests their usefulness as potential reversible
inhibitors against cathepsin 1848 Recently we reported that
oxorhenium(V) complexes containing the 431" mixed-ligand
donor set, ReO(SXS)(SR) (where=S, O, N(R); R = alkyl,
aryl, heterocycle; R= H, alkyl, aryl), were able to inhibit
cathepsin B, with the most potent inhibitor, ReO(SSS)(S-4py)
HCI, exhibiting an 1Gp of 10 nM2°

Reversibility of cathepsin B inhibition is a desirable property
for therapeutic applications. Many enzymes contain cysteine
active sites, and therefore, the possibility of cross-reactivity is
strong. The in vivo consequences of irreversibly inactivating

in solution (Scheme 2). The finding that stirring the reaction
mixture for 18 h, instead of the typicak-3 h, gavel in 31%
yield supports this hypothesis. Unfortunately, the yieldlof
could not be increased significantly with the addition of excess
chloride afte 3 h (i.e., once ReO(SpyS){Lhad formed in situ).

The monochloro and monobromo complexes were synthe-
sized to investigate the effect that the chelate ring size would
have on the activity of the rhenium complex against cathepsin
B, presumably through nucleophilic displacement of the halide
by the cysteine thiolate in the active site. Treatment of [BXEt
[ReOCl] with HSSSH-2,2 yields the air-stable compourdl
(ReO(SSS-2,2Cl), which has been used as a synthetic precursor
for the synthesis of many oxorhenium(V) “B 1” complexes
of composition ReO(SSS-2)2SR) (Scheme 3). It should be
noted that several groups, including ourselves, have tried to
isolate the complexes ReO(SOS)CI and ReO(SN(R)S)CI with
little succes$? The thioether S atom forms a stronger interaction
with the rhenium center than O and/or N(R), resulting in a stable
complex®!

The HSSSH-2,3ligand was synthesized from commercially
available 3-mercaptopropanol in four steps (overall yield of
19%). Addition of HSSSH-2,3to a solution of [BzEfN]-
[ReOBIy] in methylene chloride gave compouiidReO(SSS-
2,3)Br) in 14% yield (Scheme 3). The yield was quite low

nontarget enzymes could lead to serious side effects. We havepecause the isolated precipitate needed to be washed with cold
employed several techniques to investigate the reversibility of methylene chloride (partially soluble) several times to yield a
this interaction with the cysteine residue of cathepsin B. The product that had an HPLC purity greater than 90%. When
data presented within will focus on this interaction, and its [BzEtN][ReOCl] was treated with HSSSH-2,8nder similar
reversibility, between cathepsin B and several oxorhenium(V) conditions, the analogous chloride complex could not be
complexes. isolated. A'H NMR spectrum of the crude reaction mixture
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Scheme 3 Table 1. ICsq (M) of Re Compound4—8 with Cathepsins B and K
o) Cathepsin B 1Csg Cathepsin K ICsy
ES\Qe/Cl acetone, KBr [S\HS/BF Compound Structure
R — s ™y ™y
/3 S S/
~ 4 6 8.0
HS _ Re,
[ReOXJ[BZELN] X=Cl 1 LN s 0.90 +/- 0.48 4.81 +/-2.35
e Z| ]
3 o \_/
I Br
Hs” S -SH ESS/RQS Owe
= o
X=Br 2 SR : 6.51 +-1.20 >50
7 )
e VS PN o] X
HS S SH NI oVe
X=CI,Br < A 0 O
! S S 3 Es\g S 88.6 +/- 6.9 >50
(] L
X=Cl 5 .
X=Br 8 4 Ezige's 0.0088 +/- 0.0002 0.40 +/- 0.02
—/
suggested ReO(SSS-2@l was present{10% by integration); -
i H H NI
however, several attempts to isolate and/or purify the desired s C,Re\ 2404 50
complex were unsuccessful. J T
The HSSSH-3,3ligand was synthesized from commercially
available 3_,3thiodipropano| in three steps (overall yield of p Es:ﬁef:' 0.0010 +/- 0.0003 026 /- 0.02
42%). Addition of HSSSH-3/3to a solution of [BzEsN]- S
[ReOCL] in methanol or [BzENN][ReOBry] in methylene —
chloride gaveb (ReO(SSS-3,3Cl, 14%) or8 (ReO(SSS-3,3 , [s)'éi ' 0401 +1- 0,003 50
Br, 20%), respectively (Scheme 3). Once again, the yields are T\)
quite low and the isolated precipitates need to be washed with
cold methylene chloride to ensure adequate purity. C\E(B’
2.2. SAR of Rhenium ComplexesThe inhibition of several 8 U 929 +/-0.28 >30
rhenium complexes against cathepsins B and K was evaluated

in our laboratory with the goal of determining their activity and
whether they show specificity for one enzyme over the other.
One major advance in this regard has been the decreased reliancsuggesting that the S atom trans to gamethoxythiophenolate
on high concentrations of thiols to maintain enzyme activity. may stabilize the ReS bond of the monodentate ligand.
Instead, we have found that the cysteine proteases can maintairCompound4 was extremely active against cathepsin B with an
good catalytic activity in the presence of low concentrations of |Csy of 8.8 nM (~10* times more active thad) and had a
thiols. Because many potential inhibitors contain thiol reactive potency similar to the recently reported value of the rhenium
groups, high concentrations of thiols in the assay mixture would compound ReO(SSS-2)8S-4pyYHCI (ICso = 10 nM)4° The
limit the study of the interaction of the inhibitor with the active green color of4 suggests that it has a trigonal bipyramidal
site thiol of the cysteine protease. geometry and so will readily lose a chloride ion (upon attack
Recently we reported that compoudAdeacted rapidly with from a nucleophilic cysteine thiolate in the active site of
glutathione ¢-Glu-Cys-Gly tripeptide,~2mM in plasma) to give cathepsin B) to adopt the preferred square pyramidal geometry
ReO(SSS-2/X(SG), which could then be displaced by a free seen for all ReO(SSS)(SR) complexes reported in the litera-
thiol (with a lower Kz such as thiophendP. This result ture505253 We also investigated if our complexes would be
suggested that the rhenium complexes reported herein shouldselective for cathepsin B over cathepsin K, as was seen for
undergo nucleophilic displacement with the highly nucleophilic several of the ReO(SSS)(SR) complexes recently repétted.
cysteine residue in the active site of cathepsin B. Also, even if Compoundl shows a moderate selectivity (5-fold higher) for
the ReO(SSS)X complexes do not remain intact in vivo and the inhibition of cathepsin B over cathepsin K, whereas
react with glutathione to give ReO(SSS)(SG), one should still compound4 is very selective for cathepsin B (45-fold higher).
observe activity against cathepsin B, albeit lower on the basis This result supports our previous finding that complexes
of an IG;p of 3.2uM of the glutathione compléR (cf. compound containing the ReO(SSS) core are the most selective metal-based

2]Csp values are the meatt standard error.

4 ICsp of 8.8 nM). The in vitro data for compounds-8 are

summarized in Table 1 and reveal several interesting results.

Compoundsl and 2 (ReO(SpyS)(SPhOMp}) exhibited
moderate activity against cathepsin B withs¢@alues of 0.9

inhibitors of cathepsin B reported.

A comparison of the Iy values for4 (8.8 nM) and6 (ReO-
(SSS-2,9Br, 1.0 nM) showed that as expected the monobromo
complex was more reactive than its chloro analogue; bromide

and 6.5:M, respectively. As expected, the monochloro complex is a better leaving group than chloride. This effect was also

(1) is more active thar2 because chloride is a better leaving

observed for complexes and 8 where the bromo comple&

group than th@-methoxythiophenolate. The mass spectrometry (9.3 + 0.3 M) was more active against cathepsin B than its

experiments (see discussion below), however, showbats
react significantly with cathepsin B to give the ReO(SpyS)

corresponding chloro complé(11.2+ 0.4uM), although with
the SSS-3,3ligand system the effect is not as pronounced (at

cathepsin B adduct, suggesting that even a compound exhibitingthe limits of standard error there is only up to a 20% difference

moderate activity will form a strong interaction with the
cathepsin B active-site thiolate. Compoudi§ReO(SSS-2,2-
(SPhOMep)) was significantly less active (884M) than 2,

in 1Csp values). Compound is the most potent metal-based
inhibitor against cathepsin B reported and also shows even
higher selectivity for cathepsin B over cathepsin K (260-fold
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Figure 1. Time-dependent inhibition (A) and cysteine reactivation (B) of cathepsin B by 4@ 1(®) and 200uM 3 (@®).

Table 2. Summary of Time Dependence and Cysteine Reactivation of

higher) than compound. For comparison, other metal-based Cathepsin B byl and2

inhibitors for cathepsin B include organotellurium(I%)gold

(1,55 and Re(V}® and have potencies of 1.5, 6:850, and % inhibition % reactivatioh

0.01-50 uM, respectively. 45 min 2h 4h 45 min 2h 4h
We also studied the effect that modifying the linker length 2 45 45 42 43 42 45

between the S atoms of the tridentate trithio ligand would have 4 95 96 97 6 14 18

on the activity of the complex against cathepsins B and K. We a9, Reactivation is defined as the percent regain in activity compared
hypothesized that increasing the linker length of the ligand to control after 45 min of incubation with compound (5sb@oncentration
SSS-2,2from two CH; groups to three sequentially to give SSS-  as defined in Table 1) and then at 45 min, 2 hAch further incubation

' A ; _with 30 uM cysteine. Results are from duplicates of one experiment. All
2,3 and SSS 3’3WOUId give more stable _ReO(S_SS)X com experiments were repeated on 2 separate days, and results did not vary by
plexes. For a five-membered chelate the ring strain amounts t0gre thant-20%.

about 7 kcal moll, while a six-membered chelate ring is
virtually strain-free. The data in Table 1 show that as the total jjreversible. They are classified as tight-binding reversible
ring strain in the molecule is decreased, the activity of the jnnibitors. There are also reversible inhibitors that only inhibit

complex against cathepsin B also decreaseso(Malues:  enzyme activity very slowly because of conformational changes
compound6 (5,5-bischelate), 0.00kM; compound7 (5.6-  following enzyme-inhibitor complex formation and are classi-
bischelate), 0.4«M; compound8 (6,6-bischelate), 9.3M). fied as slow-binding reversible inhibitors. Generally, reversible

Presumably the ReBr bond increases in strength as the total jnhipitors are preferred as potential therapeutic agents in

ring strain decreases, thus making it more difficult for the ¢jrcymstances where itis desirable for activity to be periodically
nucleophilic cysteine of cathepsin B to displace the bromide (astored to the enzyme so that it can carry out its normal
(compound6 is ~10* more potent than compour®). There functions when required.

may also be a steric component to this observed effect whereby
the larger six-membered chelate rings decrease the accessibilit)ov
of the incoming active-site thiolates for the rhenium center. The
same effect was also observed between compodnaisd 5
where the former was-10° more potent, the effect being less
pronounced for the chloro derivatives over the bromo deriva-
tives.

2.3. Mode of Inhibition. Enzyme inhibitors can be divided
into two main classes, irreversible and reversf8ie Irrevers-
ible-type inhibitors are compounds that bind covalently to the
enzyme. Although the initial binding is reversible, the enzyme
substrate complex then undergoes a time-dependent reaction th
leads to enzyme inactivation. This complexation may be either
irreversible in nature, as is the case for suicide inactivators, or
slowly reversible over time depending on the strength of the
inhibitor—enzyme interaction. On the other hand, reversible
inhibitors form a dynamic complex with the enzyme that have
catalytic properties different from those of the uninhibited
enzyme. Full enzymatic activity can be regained over time or

in vitro by dilution, dialysis, or filtration. The classification of where a plot of Hopsinacyvs 1/[1] is a straight line and allows
inhibitors is based on kinetic analysis. Simple, classical fast- 56 to solve forkinact and Kinae The inhibition by4 is rapid
binding reversible inhibitors can be defined as competitive, 54 potent with &inactof 0.078 mirr® and aKinac: Of 0.0544M
noncompetitive, uncompetitive, or mixed depending on how they (Figure 2B, Table 3), wheréina is the rate constant for

compete with the substrate for binding to the active site. In jnactivation andKinac is the apparent dissociation constant of
practice it may be difficult to differentiate between reversible o hound enzyme species, as shown below:

and irreversible inhibitors. For example, if a reversible inhibitor
binds to the enzyme with such a high affinity that the enzyme Kiaot K
inhibitor complex dissociates very slowly, it may appear to be E+|~—E!|1——E-I

The time dependence and cysteine reactivation properties
ere evaluated for2 and 4 in order to characterize the
reversibility of inhibition. After 45 min of incubation of with
cathepsin B (Figure 1A) there was complete inhibition and
minimal recovery of activity after the addition of 3/ cysteine
(Figure 1B, Table 2), indicating that is an irreversible-type
inhibitor. A full analysis using the KitzWilson method
(equation shown below) for determination of the time depen-
dence of inhibition by4 with cathepsin B is shown in Figure
257 Initially, quantification comes from a plot of rate versus
t{me fitted to a single-exponential decay model to determine
ak)bsat each time point (Figure 2A). Following this, a calculation
of the kinetic parameters comes from the inverse of the
following expression for inactivation,

Kinact ]
kobs(inact)E K—-l-[l]

inact
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Figure 3. Time-dependent inhibition (A) and cysteine reactivation (B)

Table 3. Summary of the Kinetic Parameters and Mode of Inhibition
Determined for the Inhibition of Cathepsin B withand4

mode of inhibition parameter Ko (uM)
2 competitive Ki = 0.086+ 0.017uM 6.51
4 time-dependent Kinact~ 0.078 mirr? 0.0088
Kinact~ 0.054uM
1.5 T T T T T
5§ ' ‘
E
s B 7]
E
8 05 | -
©
m - -
0 —
/ 1 | I | 1
-0.002 0 0.002 0.004 0.006

1/ [Z-Arg-Arg-pNA] (uM™T)

Figure 4. Lineweavefr-Burke determination for the&; of 2 with
cathepsin B, with the following concentrations fr 0 uM (O), 0.1
uM (@), 0.4uM (M), 0.8uM (A).

When the inhibition of cathepsin B B/was examined over
time, the enzyme activity was only inhibited by 50%, even after
4 h of incubation with2 (Figure 3A). This is the typical
inhibition pattern of a slow-binding reversible inhibitor, where
it takes a finite length of time to establish maximal inhibition
(in this case 45 min), after which time no further inhibition is
obtained. Furthermore, the addition of @3 cysteine results
in full recovery of activity within 45 min (Figure 3B). A similar
pattern of inhibition and reactivation was observed foiThe

of cathepsin B by/8.2 (O) and 0.5uM 1 (@).

choice of leaving group (chloro versus SphOp)edid not affect
the rate of inhibition or its reversibility. These data are
summarized in Table 2.

As discussed above in the initial study with compo@ndo
exponential decay of enzyme activity was observed that would
have indicated a time-dependent inhibitor. Instead, a certain
amount of inhibition is achieved and remains constant over time.
A similar pattern of inhibition was observed when the compound
was tested over a range of concentrations. When both the
concentrations of compoun® and substrate are varied and
plotted according to the LineweaveBurke analysis, the data
are consistent with a model approximating competitive inhibition
with a K; of 0.086 + 0.017 uM (Figure 4). Analysis by an
Eadie-Hofstee plot led to a similar conclusion (plot not shown).
The enzyme kinetics equation in the presence of a competitive
inhibitor is shown below.

Vinad 9

1]
K) +[S]

V=

Km(l +

2.4. Active-Site Titration and Protection from Inactivation.
A quantification of the number of active sites actually present
in an enzyme solution is possible with a potent irreversible
inhibitor of cathepsin Bi-trans-epoxysuccinylleucylamido(4-
guanidino)butane (E-64), isolated from culturesAspergillus
japonicus®? According to the method of Barrett et al., it reacts
stoichiometrically in a 1:1 manner with cathepsin B, and by
extrapolation on the-axis to zero enzyme activity in a rate of
enzyme activity versus concentration of inactivation plot, the
active site concentration of enzyme can be obtained (Figure 5).
Typically with cathepsin B, 3050% of the active sites as
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calculated by protein molecular weight are inactivated by E-64 gigyre 7. (A) Mass spectrum of cathepsin B (peak=127 823 Da,

titration, but the nature of the inactivatable component of the peak 2= 27847 Da, peak 3= 27 868 Da); (B) mass spectrum of

enzyme preparation is unknowhln this study, the molarity ~ cathepsin B with4 (peak 1= 28 199 Da, peak 2= 28 220 Da, peak

of the activated enzyme solution using E-64 titration was found 3 = 28 239 Da); (C) mass spectrum of cathepsin B itfpeak 1=

to be 14.4 nM (Figure 5A) and on the basis of the starting 28 176 Da, peak 2= 28 192 Da, peak 3= 28 208 Da).

concentration of 18 nM cathepsin B, at least 80% of the enzyme assumption is that if the inactivation is directed to the active

is activated. As described in the Experimental Section, the site where chemical catalysis occurs, a known competitive

activated enzyme is that enzyme with the active site cysteine inhibitor will act in the same subsite of the active site and

in the reduced form and available for catalysis. When the samethereby block the inactivator from reaching its point of action.

method was used, the molarity of the activated enzyme solution This will result in a slower rate of inactivatiorl@(f’st(macg. At

using4 was found to be 17 nM (Figure 5B), and because it is the concentration of chymostatin employed JC approxi-

known that E-64 reacts with cathepsin B in a 1:1 ratio, it can mately 38% protection from inactivation by was afforded

be assumed that 1 equiv 4fmust also react with the enzyme, (Figure 6A). By use of a combination of the equation for

indicating that both inhibitors are active-site-directed. competing substrates with the KitxVilson scheme for enzyme
Further proof for the active-site-directed nature dofvas inactivation, the resulting rate equation can be used to compare

afforded from protection from inactivation experiments using the calculated rate of inactivation in the presence of a competi-

chymostatin, a known reversible inhibitor of cathepsif’Bhe tive inhibitor with that obtained experimentally as shown below
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whereP is the competitive inhibitor with a dissociation constant
of Kg.57-59

kg[)ost(inact)z kinact+ [I]
kobs(inact) Kinacl(l + [P]/Kd) + [I]

The kops determined in the presence of i chymostatin
(Kobs(inach™) = 0.010 min't) agrees well with the expected

calculated rate of inactivation using the previously determined

Kinact and Kinact (Kpegnacy = 0.014 mim?). This provides
additional strong evidence thdtreacts at the active site. A

Mosi et al.

(6,6-bischelate), 9.8M); the larger is the chelate, the less potent
is the compound. The most active compounds against cathepsin
B were4 and6 (ICso = 0.009 and 0.00LM, respectively). It
was also observed that all of the complexes reported here
showed a higher selectivity for cathepsin B over cathepsin K;
in particular, compoundé (45-fold) and6 (260-fold) exhibited
excellent selectivity. To our knowledge, compouid the most
potent metal-based inhibitor against cathepsin Bsg+€0.001
uM) and cathepsin K ((I6s = 0.26 uM) reported to date.

The mechanism of inhibition was also studied for two of the
compoundsZ and4). With standard determinations of kinetic
parameters, active-site titration, and active-site protection with

comparative control experiment was performed with E-64, a chymostatin, it was concluded that both (ReO(SpyS)(S-

known irreversible active-site-directed inhibitor of cathepsin B. PhOMep) and4 ReO(SSS-2/2CI were selective active-site-
As shown in Figure 6B, in this instance, chymostatin provided girected inhibitors of cathepsin B. Mechanistically, however,

37% pro_tection of inactivation by E-6_4, proyiding support to they were different because compoudavas a tight-binding

the previously reported observations in the literature that E-64 o\ ersible inhibitor while compound was a time-dependent

is an active-site-directed irreversible inactivator. inhibitor, only slowly reversed in the presence of an exogenous
~ 2.5. Mass Spectral StudiesAs shown in Figure 7A, human s |ike cysteine. However, mass spectrometry studies showed
liver cathepsin B was found to have an average molecular weight 3 ccumulation of a cathepsin-Bhenium complex intermediate

of 27823+ 5 Da. As is evident by the higher molecular weight ¢4 hoth compounds, providing further conclusive evidence of

species in the spectrum, human liver cathepsin B is glycosylated.ihe active-site-directed nature of the inhibition. These results

Upon incubation of cathepsin B with an excesg adin increase
in molecular weight equivalent to oné¢ moiety minus the
chloride group on the intact protef(27 823+ 354 Da)+ 5
Da} was observed by ES-MS (Figure 7B). Similar ES-MS
analysis of cathepsin B incubated with revealed a mass
increase of 27 823+ 372 Da)+ 5 D& consistent with the
formation of a cathepsin Bcompound complex with the loss
of the methoxythiol phenol leaving group (Figure 7C). Both

indicate that the potency and reversibility of the oxorhenium
complexes toward cathepsin B may make them a useful
therapeutic treatment against cancer.

4. Experimental Section

4.1. Materials. Most of the reagents and solvents were purchased
at the highest commercial quality and used without further
purification. The ligand HSSSH-2,%vas purchased from Aldrich

experiments provide evidence for the existence of 1 equiv of chemical Co., and HSpySH was synthesized according to a

inhibitor binding to cathepsin B, likely through the formation
of a dithiol bond between the sulfur of the inhibitor and the

literature proceduré& the ligands HSSSH-2,2and HSSSH-3,3
were made as described in the synthesis section below. The

free cysteine of the active site. Regardless of whether the precursor complexes [Bzi][ReOCL]>! and [BuN][ReOBI,]®?

inhibition is reversible or irreversible in nature, the turnover
rate of the enzymeinhibitor complex is low enough that

were synthesized according to a literature procedure. Complexes
2,83 3,64 4,51 and 6% were synthesized according to procedures

accumulation of an inhibitor intermediate could be observed Préviously reported in the literature.

by ES-MS followirg 1 h ofincubation of enzyme and inhibitor.
This provides conclusive evidence of the formation of a
rhenium-cathepsin B intermediate.

3. Conclusions

IH NMR spectra were recorded on a Bruker Avance 300
spectrometer withH shifts referenced to the residual proton shift
of the internal deuterated solvent. IR spectra (as KBr pellets) were
recorded on a Mattson Galaxy series 5000 FTIR spectrophotometer
(only the Re=O band is reported for each complex). Electrospray
mass spectra were recorded on a Bruker-HP Esquire-LC ion trap

In this paper we reported the synthesis and characterizationmass spectrometer. Elemental analyses were performed by Atlantic

of two new tridentate ligands (3;&iodipropanethiol (HSSSH-
3,3) and thio-2-ethanethiol*3ropanethiol (HSSSH-2,3 and

their corresponding oxorhenium(V) complexes ReO(SS9>3,3
(X = ClI, Br) and ReO(SSS-2)Br. We also discovered that

Microlab, Inc. (Norcross, GA).

4.2. Synthesis. 4.2.1. ReO(SpyS)Cl (1]BzEt;N][ReOCL]
(0.374 g, 0.70 mmol) in methanol (15 mL) was added to a mixture
of HSpySH (0.119 g, 0.70 mmol) and 4,6-dihydroxy-2-mercapto-

the ReO(SpyS)Cl complex, which several groups have attemptedpyridine (0.066 g, 0.70 mmol) in chloroform (15 mL). The resulting

to synthesize in the past, could be isolated by treating [BHEt
[ReOCl] with a mixture of HSpySH and 4,6-dihydroxy-2-
mercaptopyridine and allowing the slow displacement of the
monodentate thiol by chloride in situ.

The evaluation of the rhenium complexes as potential
inhibitors against cathepsins B and K was performed in vitro.
The ReO(SXS)(SPhOMpr (X = S (), py (2)) complexes
exhibited a low to moderate inhibitory effect on cathepsin B
((ICs0 = 88 and 6.5uM, respectively) and no inhibition of
cathepsin K. The chloro analogue 3f compoundl, showed
increased potency ov@ragainst both cathepsin B (($6&= 0.9
uM) and cathepsin K ((I16s = 4.8 uM). The complexes ReO-
(SSS)X (X = ClI, Br) were quite potent inhibitors against

red-brown solution was stirred at room temperature for 18 h to
yield a clear, brown solution with a dark-green precipitate. The
green solid was isolated via suction filtration, washed with
acetonitrile (2x 3 mL) and diethyl ether (3 5 mL), and dried in
vacuo (0.089 g, 31%jfH NMR (CD.Cl,) 4 5.04 (d, 2H,J = 18.3
Hz), 5.64 (d, 2HJ = 18.3 Hz), 7.97 (d, 2HJ = 7.5 Hz), 8.15 (t,
1H,J = 7.5 Hz). ES-MS1z 430 [M + Na]*. IR (KBr) v (cm™1)

985 (Re=0). Anal. (GH;,NOS,CIRe0.1GH3N) C, H, N, S, CI.

4.2.2. ReO(SSS-3XCI (5). 4.2.2.1. 3,3Thiodipropanethiol

(HSSSH-3,3). 3,3-Thiodipropanol (1.97 g, 13.1 mmol) was
dissolved in methylene chloride (100 mL) to give a clear, colorless
solution. Triethylamine (3.84 mL, 27.6 mmol) was added, and the
mixture was cooled to OC. Methanesulfonyl chloride (2.03 mL,
26.2 mmol) was added dropwise via syringe, resulting in the
formation of a white slurry. The mixture was stirredr f8 h at

cathepsin B, and it was discovered that the potency of the r5om temperature. The mixture was washed with saturateg NH
compound was directly related to the size of the chelate rings c|, dried over NaSOs, and concentrated under reduced pressure

in the tridentate ligand (I65: compound6 (5,5-bischelate),
0.001uM; compound7 (5,6-bischelate), 0.4M; compound8

to yield the dimesylate as a white solid (4.01 g, 100%i) NMR
(CDClg) 6 2.01 (p, 4HJ = 6.0 Hz), 2.63 (t, 4H) = 7.2 Hz), 3.01
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(s, 6H), 4.32 (t, 4H) = 6.0 Hz).13C NMR (CDCE) 6 28.15, 29.24,
37.75, 68.57.
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The dithioacetate (1.17 g, 4.66 mmol) was dissolved in methanol
(60 mL) to give a yellow solution. An amount of 15 mL of 6 N

The dimesy|ate (401 g, 13.1 mm0|) was dissolved in anhydrous HCI was added, and the mixture was refluxed for 18 h when TLC

tetrahydrofuran (100 mL) to give a pale-pink solution. Triethylamine
(3.73 mL, 26.8 mmol) and thiolacetic acid (1.89 mL, 26.4 mmol)
were added, and the now yellow mixture was refluxedad (the
reaction was monitored by TLC). The mixture was then concen-

no longer revealed the presence of the dithioacetate. The solvent
was removed under reduced pressure to yield pure dithiol as an
orange oil (0.73 g, 93%fH NMR (CDCl;) ¢ 1.34 (t, 1H,J=8.1
Hz), 1.72 (t, 1HJ = 7.2 Hz), 1.83 (p, 2HJ = 6.9 Hz), 2.60 (m,

trated under reduced pressure and purified by column chromatog-4H), 2.69 (m, 4H):3C NMR (CDCE) 6 23.78, 25.14, 30.59, 33.70,

raphy on silica gel (CkCly). The major band yielded the dithio-

acetate as a pale-orange oil (1.71 g, 49%) after drying in vacuo for

24 h.™H NMR (CDC) 6 1.83 (p, 4H,J = 6.0 Hz), 2.31 (s, 6H),
2.53 (t, 4H,J = 6.0 Hz), 2.94 (t, 2HJ = 6.0 Hz). 3C NMR
(CDCls) 6 28.28, 29.61, 30.94, 195.65.

36.47.

4.2.3.2. Preparation of ReO(SSS-2)Br. [BusN][ReOB]
(0.307 g, 0.40 mmol) was dissolved in anhydrous methylene
chloride (10 mL) under 1 atm of argon at room temperature to
give a pink-purple solution. HSSSH-2,8.071 g, 0.42 mmol)

The dithioacetate (1.71 g, 6.43 mmol) was dissolved in methanol dissolved in 3 mL of methylene chloride was added dropwise via

(40 mL) to give a yellow solution. An amount of 8 mif 6 N HCI
was added, and the mixture was refluxed for 16 h when TLC no

longer revealed the presence of the dithioacetate. The solvent wag"
removed under reduced pressure to yield pure dithiol as an orangef

oil (1.00 g, 86%)1H NMR (CDCly) 6 1.35 (t, 2H,J = 7.5 Hz),
1.85 (p, 4H,J = 6.0 Hz), 2.60 (m, 8H)13C NMR (CDCl) 6 23.82,
30.66, 33.66.

4.2.2.2. Preparation of ReO(SSS-3)XI. [BzEt3N][ReOCL]
(0.656 g, 1.22 mmol) was dissolved in anhydrous methanol (15
mL) under 1 atm of argon at room temperature to give a green
solution. HSSSH-3,30.188 g, 1.29 mmol) dissolved in 3 mL of
chloroform was added dropwise via syringe, resulting in an olive
slurry. The reaction mixture was stirred at room temperature for 3
h, and the final slurry was filtered. The isolated olive solid was
washed with methanol (& 5 mL) and chilled methylene chloride
(2 x 5 mL) to yield a lime-green solid, which was dried in vacuo
(0.045 g, 14%)*H NMR (CD.Cly) 6 2.37 (m, 2H), 3.00 (m, 6H),
3.79 (m, 2H), 4.20 (m, 2H). IR (KBry (cm™1) 972 (Re=0). Anal.
(CeH120SCIRe) C, H, S, Cl.

4.2.3 ReO(SSS-2;8Br (7). 4.2.3.1. Thio-2-ethanethiol-3
propanethiol (HSSSH-2,3). 3-Mercaptopropanol (2 mL, 2.13 g,
23.1 mmol) was dissolved in anhydrous tetrahydrofuran (100 mL).
Triethylamine (3.22 mL, 23.1 mmol) was added, and the reaction
solution was cooled to 6C. Ethylene oxide was bubbled through

syringe, resulting in a dark-green solution. The reaction mixture
was stirred at room temperature for 1 h. Addition of methanol (20
L) yielded a dark-green precipitate, which was isolated via suction
iltration and washed with methanol (% 5 mL) and chilled
methylene chloride (X% 2 mL) to yield a lime-green solid, which
was dried in vacuo (0.026 g, 14%H NMR (CD3;CN) 6 2.63 (m,
2H), 2.91 (td, 1HJ = 4.5, 10.8 Hz), 3.05 (m, 2H), 3.34 (m, 2H),
3.53 (m, 2H), 3.91 (m, 1H). IR (KBry (cm*) 968 (Re=0). Anal.
(CsH100SBrRe) C, H, S, Br.

4.2.4. ReO(SSS-3;8Br (8). [BusN]J[ReOBr,] (0.302 g, 0.39
mmol) was dissolved in anhydrous methylene chloride (10 mL)
under 1 atm of argon at room temperature to give a pink-purple
solution. HSSSH-3,3(0.188 g, 1.29 mmol) dissolved in 3 mL of
methylene chloride was added dropwise via syringe, resulting in a
dark-green solution. The reaction mixture was stirred at room
temperature for 1 h. Addition of methanol (20 mL) yielded a dark-
green precipitate, which was isolated via suction filtration and
washed with methanol (2 5 mL) and chilled methylene chloride
(2 x 5 mL) to yield a lime-green solid, which was dried in vacuo
(0.037 g, 20%)*H NMR (CD,Cly) 6 2.38 (m, 2H), 2.98 (m, 6H),
3.76 (d, 2H,J = 7.5 Hz), 4.20 (m, 2H). IR (KBry (cm™1) 974
(Re=0). Anal. (GH1,0SBrRe) C, H, S, Br.

4.3. Methods. 4.3.1. EnzymologyAll buffer chemicals were
analytical or reagent grade and were purchased from Sigma or
Calbiochem. Human liver cathepsin B was obtained from Athens

the solution for 30 min, and then the vessel was sealed and allowedresearch and Technology Company (Athens, GA), and human

to warm to room temperature. The mixture was stirred for 16
when the!H NMR spectrum of the crude mixture indicated all of

cathepsin K was cloned, expressed, and purified in-house using
similar procedures previously reported for cathepsins B af L.

the 3-mercaptopropanol had reacted, presumably giving the desiredrne substrate Z-Arg-Arg-pNa, as well as the inhibitor E-64, and

diol.

BRIJ (a nonionic detergent composed of polyoxyethylene lauryl

The crude diol was concentrated under reduced pressure and thegther and polyoxyethylene glycol dodecyl ether) were from Cal-

dissolved in methylene chloride (50 mL) to give a clear, colorless
solution. Triethylamine (6.45 mL, 46.3 mmol) was added, and the
mixture was cooled to OC. Methanesulfonyl chloride (3.57 mL,
46.2 mmol) was added dropwise via syringe, resulting in the
formation of a white slurry. The mixture was stirred for 14 h at
room temperature. The mixture was washed with saturategt NH
Cl, dried over NaSQ,, and concentrated under reduced pressure
to give a colorless oil. The crude oil was purified using column
chromatography on silica gel (GHI,) to yield the mixed-mesyl/
chloro compound MsOC}H,CH,SCH,CH,CI as a pure colorless
oil (3.52 g, 65%).'H NMR (CDCl;) 6 1.98 (p, 2H,J = 6.8 Hz),
2.64 (t, 2H,J = 7.1 Hz), 2.83 (t, 2HJ = 6.9 Hz), 2.96 (s, 3H),
3.58 (t, 2H,J = 7.0 Hz), 4.27 (t, 2HJ = 6.8 Hz). 3C NMR
(CDCls) 6 28.41, 29.40, 34.54, 37.68, 43.51, 68.55.

The mixed-mesyl/chloro compound (3.52 g, 15.1 mmol) was
dissolved in anhydrous tetrahydrofuran (80 mL) to give a colorless
solution. Triethylamine (4.21 mL, 30.2 mmol) and thiolacetic acid
(2.16 mL, 30.2 mmol) were added, and the now yellow mixture
was refluxed for 18 h (the reaction was monitored by TLC). The

biochem. The substrate Z-Val-Arg-AMC was from Novochem. All
data were analyzed using the software package Grafit, version
4.0957 All kinetic experiments were done in triplicate and repeated
on separate days for consistency. Replicate experiments were
compared by calculating mean values with associated standard
errors and using thetest where appropriate. A representation of
one single experiment is provided in the text for discussion
purposes.

4.3.2. 1G5 Determinations. ICso determinations were performed
in duplicate with constant enzyme and substrate concentrations
while varying the inhibitor concentration. Inhibitor concentrations
ranged from 7 nM to 2xM. Serial dilution of inhibitor was done
on the MultiPROBE robot liquid handling workstation (Packard)
in 96-well plates (Falcon). Enzyme and inhibitor were co-incubated
at 3C°C for 45 min prior to the addition of substrate. Activity was
measured over 3 min at 410 nm for pNA or at 355 nm excitation
and 460 nm emission for 7-AMC fluorescent detection. Colormetric
readings were made on a SpectraMAX, and fluorescent readings
were made on a FMAX, both from Molecular Devices.

mixture was then concentrated under reduced pressure and purified The colorimetric cathepsin B assay was performed in 100 mM

by column chromatography on silica gel (g&,). The major band

sodium phosphate, 1 mM EDTA, 0.025% BRIJ, 1289 DTT,

yielded the dithioacetate as a pale-orange oil (1.17 g, 31%) after pH 6.0, using 10 nM enzyme and 1 mM Z-Arg-Arg-pNA. In order

drying in vacuo for 24 h'H NMR (CDClg) 6 1.88 (p, 2HJ = 9.0
Hz), 2.34 (s, 3H), 2.35 (s, 3H), 2.67 (m, 4H), 2.98 (t, 2ZH+ 9.0
Hz), 3.07 (t, 2H,J = 6.0 Hz).13C NMR (CDCk) ¢ 28.32, 29.59,
29.68, 31.06, 32.03, 195.62, 195.98.

for the enzyme to be catalytically functional, the active site cysteine
needs to be in a reduced form. Because the cysteine is readily
oxidized through contact with air, prior to use it needs to be
pretreated with a reducing agent like DTT to ensure that the majority
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of the enzyme is in a catalytically active form. Therefore, prior to of the mixtures was analyzed as described above using the standard
dilution, 0.2 mg/mL cathepsin B was activated in the presence of assay conditions and then cathepsin B alone, or the cathepsin

0.4 mM dithiothreitol fo 1 h at 30°C. The cathepsin K assay was
performed in 100 mM sodium acetate, 5 mM EDTA, 0.003% BRIJ,
10uM DTT, pH 5.5, with 10 nM enzyme and 10M Z-Val-Arg-
AMC. Similarily, prior to use, cathepsin K was activated at°80

in buffer containing 0.003% BRIJ and 1 DTT for a minimum

of 20 min.

4.3.3. Mode of Inhibition Analysis. The reversible inhibition
constantK;, was determined fo2 with cathepsin B. Compouna
was tested at concentrations ranging from 0.1 to/\Busing a
45 min enzyme-inhibitor preincubation. The substrate Z-Arg-Arg-
pNA was added at concentrations ranging from 200to 1.3 mM.
The inhibition for 4 was evaluated using a single enzyme and
substrate concentration, with analysis 0w 4 h time period.
Concentrations oft ranged from 2.2 to 35 nM.

Initial time dependence was evaluated using an inhibitor
concentration of approximately 5 4¢ Time dependence of inhibi-
tion was assessed, after the reaction was initiated @ min), at
45 min, 2 h, and 4 h oénzyme-inhibitor incubation at 3C°C.
Substrate (1 mM Z-Arg-Arg-pNA) was added following the
specified incubation period, and activity was read. Buffer and
enzyme concentrations were as described above. The full time-
dependent inhibition analysis fo4 against cathepsin B was
evaluated over a concentration rangeddfom 2.2 to 35 nM.

4.3.4. Cysteine ReactivationCysteine reactivation was evalu-
ated using an inhibitor concentration of approximately the Ll
to 5 1Gso, depending on the potency of the inhibitor and an upper
limit constraint to keep the solvent in the reaction mix at a
minimum. The enzymeinhibitor incubation times for the cysteine
reactivation assay were 45 min, 2 hdahh after an initial 45 min
incubation with compound. After the initial 45 min incubation, 30
uM cysteine was added, and incubation was continued for the
required time at 30C. Following incubation, substrate was added

and activity was read. Buffer, enzyme, and substrate concentrations

were as described above.

4.3.5. Active-Site Titration and Protection from Inactivation.
For the active-site titration experiments, E-64tians-epoxy-
succinylleucylamido(4-guanidino)butane) was dissolved in 1 mM
in dimethyl sulfoxide, then diluted in 100 mM sodium phosphate,
1 mM EDTA, 0.025% BRIJ, and 1.2agM DTT. Enzyme and
substrate were used at the following concentrations: cathepsin B,
18 nM; Z-Arg-Arg-pNA, 1 mM. E-64 o was used at concentra-
tions ranging from 0.1 to 5.0 nM. A control in the absence of E-64
or 4 was included. Samples were performed in duplicate at a final
volume of 10QuL. Enzyme, buffer, and E-64 or compou#ddvere
incubated at 30C for 1.5 h prior to substrate addition and plate
reading. Activity, in RFU/min, was plotted as a function of
concentrations of E-64 or compoudd The linear portion of the

curve was extrapolated to obtain the value at the abscissa, which

defines the active-site concentration. The percentage of active
protein was calculated on the basis of the ratio of the active site
and total protein concentrations.

For the protection from inactivation experiments, E-64 was
dissolved in 1 mM in dimethyl sulfoxide, then diluted in 100 mM
sodium phosphate, 1 mM EDTA, 0.025% BRIJ, 1,29 DTT,
pH 6.0, to a final assay concentration of 10 nM. Cathepsin B and
Z-Arg-Arg-pNA were used at concentrations of 18 nM and 1 mM,
respectively. Chymostatin artiwere at concentrations of 0uBM
and 10 nM, respectively. Cathepsin B was incubated with chymo-
statin and either E-64 of, and substrate was added and activity
read at time points up to 2 h. Samples were performed in duplicate
at a final volume of 10QuL.

4.3.6. Mass SpectrometryThe analyses of protein samples were
carried out using a Sciex API-300 mass spectrometer interfaced
with a Michrom UMA HPLC system (Michrom Bioresources, Inc.,

Pleasanton, CA). Cathepsin B was activated in the presence of DTT

prior to use as described above. Cathepsin B-@A@ug in 20 mM
sodium acetate buffer, pH 5.0, 1 mM EDTA) was first incubated
for 1 h at 30°C in the presence of exce25227 uM) or 4 (454
uM). Immediately after the incubation period, the residual activity

B—inhibitor mixture was introduced into the mass spectrometer
through a microbore PLRP column (1 mrm50 mm) and eluted
with a gradient of 16-100% solvent B at a flow rate of 5¢./min

over 7 min (solvent A is 0.06% trifluoroacetic acid and 2%
acetonitrile in water; solvent B is 0.05% trifluoroacetic acid and
90% acetonitrile in water). The mass spectra were obtained over
the range 4062000 Da with a step size of 0.5 Da and a dwell
time of 1 ms.

Supporting Information Available: Elemental analysis results
for compoundsl, 5, 7, and8. This material is available free of
charge via the Internet at http://pubs.acs.org.
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