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The presence of the Zn?* ion dramatically enhances the inhibition of trypsin and tryptase by amidine-modified
benzimidazole inhibitors via coordination to both the catalytically active Ser195 hydroxyl and His57 imidazole residues
of the enzyme and the nitrogens of the amidine-modified benzimidazole inhibitor (Janc, J. W.; Clark, J. M.; Warne,
R. L. Elrod, K. C.; Katz, B. A.; Moore, W. R. Biochemistry 2000, 39, 4792—-4800). Some new 5-amidino-2-substituted
benzimidazoles were synthesized and compared to known related molecules to explore systematically the metal-
mediated inhibition of bovine trypsin as a function of coordinating groups and metal ions. These compounds take
advantage of the favorable interaction between the amidine group on one side of the inhibitor and the Asp189
carboxylate in the binding pocket of the enzyme. The 5-amidino-2-substituted benzimidazoles all demonstrated
similar inhibition constants (Kj) of 20-50 uM in the absence of metal ions. In the presence of Zn%*, inhibition
increased to varying extents, depending upon the group substituted at the 2 position of the benzimidazole. The
largest increase in inhibition in the presence of Zn?* was seen with (5-amidino-2-benzimidazolyl)-2-benzimidazolyl-
methane with an apparent inhibition constant (K') of 0.37 £ 0.06 nM, giving a 59 000-fold increase in inhibition
when Zn?* is present. Other metal ions, including Mn?*, Sc**, and Hg?*, also increased the inhibition by several of
the benzimidazole derivatives synthesized. The compound bis(2-benzimidazolyl)methane (BBIM) was also examined
because it lacks the amidine group that provides a favorable hydrogen-bonding interaction with Asp189 in the
binding pocket of trypsin. In the absence of metal ions, BBIM did not have a detectable affinity for trypsin; however,
in the presence of Zn?*, a K of 127 + 3 nM was observed. This result demonstrates that an affinity for the enzyme
in the absence of metal ions is not required for potent metal-mediated inhibition, greatly expanding the possibilities
for metal mediation of nonmetalloenzymes.
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Mediated Inhibition of Trypsin

Figure 1. Crystal structure of tetrahedral Zncoordinated to BABIM and the serine protease enzyme, trypsin. One of the amidine groups in BABIM is
hydrogen bound to Asp189 of the specificity pocket. Coordinates taken from ref 13.

Figure 1 shows one such inhibitor, bis(5-amidino-2-benz- principles that can ultimately be used to design enzyme
imidazolyl)methane (BABIM), bound to the active site of metal-inhibitor complexes with a range of properties.
bovine trypsin with a ZA" ion stabilizing the overall ) )

binding3 The Zr#* ion is tetrahedrally coordinated to each EXperimental Section

of the benzimidazole rings in the BABIM inhibitor, the Synthesis.All starting materials for synthesis were purchased
Ser195 hydroxyl group in trypsin, and the His57 imidazole from Aldrich or Fisher Scientific. The benzamidine (AB) and
in trypsin. The amidine group of the BABIM inhibitor  4-aminobenzamidine (AAB) inhibitors were purchased from Ald-
exhibits an additional favorable hydrogen-bonding interaction rich. Ammonia and hydrochloric acid gases were purchased in 1-L
with Asp189 of trypsin, further strengthening the enzyme lecture bottles from Aldrich. The starting materials were used
inhibitor complex. The observed inhibition constant for Without further purification:H NMR analyses were obtained on a
BABIM in the presence of Z&t is remarkably low (760 pM, Bruker 300-MHz spectrometer. Elemental analyses were obtained

this paper), suggesting that the metal mediation can providefrom Elemental Ana_ly5|s Inc., Lexington, KY. Mass spectrometry
S analyses were obtained from RT Center Mass Spectrometry Labs,
for extremely potent inhibitors.

RTP, NC.
We report here a detailed study on the effects of different  (4) synthesis of 3,4-Diaminobenzonitrile.3,4-Diaminoben-

metal ions on the metal-mediated inhibition of trypsin with  zonitrile was synthesized by a modification of the procedure of
different benzamidine (AB) and benzimidazole inhibitors Fairley et als A total of 2.0 g of 4-amino-3-nitrobenzonitrile and
(Figure 2). The general 5-amidino-2-subtituted benzimidazole 0.4 g of 10% palladium on carbon were added to a Parr reaction
framework was chosen for study because of the potentbottle. Under a continuous flow of argon, 100 mL of ethyl acetate
inhibition of trypsin by BABIM in the presence of Zhand and 20 m.L of methanol were ao!ded. The suspension was hydro-
the available crystal structure as a guide. The amidine group9denated in a Parr reactor until hydrogen gas was no longer
anchors one benzimidazole in place, and by substitution atconsumed. _Palladlum on carbon was removed by suction flltrat_lon
the 2 position, one of the ligating sites can be altered to tunethroth. Cel|tg, and the SO'Yem was removed by rotary evaporation.

R . . . The white solid was used immediately or stored under argon until
the inhibition properties for particular metal ions. A much

. . . further use. The reaction afforded 1.42 g of product (87.1%). The
wider range of metal ions was examined than has been donepmduct was characterized Byl NMR analysis.*H NMR (300

previously: in addition to Z#T, the first-row dications M#, MHz, DMSO-dg): & 4.8 (s, 2H, NH), 5.4 (s, 2H, NH), 6.5-6.8
Co?*, Ni%*, and C@" were evaluated along with 8g Y3*, (m, 3H, aromatic H).
Cd**, and Hg". The measured affinities reveal guiding  (b) Synthesis of 4-Amino-3-nitrobenzamidine.4-Amino-3-
nitrobenzamidine was synthesized by a modification of the proce-
(11) Tidwell, R. R.; Geratz, J. D.; Dann, O.; Volz, G.; Zeh, D.; Loewe, H. dure of Fairley et al® A total of 5.2 g of 4-amino-3-nitrobenzonitrile

J. Med. Chem1978 21, 613-623. was added to anhydrous dioxane (75 mL) and anhydrous methanol
(12) Tidwell, R. R.; Geratz, J. D.; Dubovi, E. J. Med. Chem1983 26, (2.5 mL) in a round-bottomed flask. The suspension was cooled

294—298.
(13) Katz, B. A;; Clark, J. M.; Finer-Moore, J. S.; Jenkins, T. E.; Johnson,
C. R.; Ross, M. J.; Luong, C.; Moore, W. R.; Stroud, R. Nature (15) Fairley, T. A,; Tidwell, R. R.; Donkor, I.; Naiman, N. A.; Ohemeng,
1998 391, 608-612. K. A.; Lombardy, R. J.; Bentley, J. A.; Cory, M. Med. Chem1993
(14) Katz, B. A.; Luong, CJ. Mol. Biol. 1999 292 669-684. 36, 1746-1753.
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Figure 2. Structures of AB, AAB, ADAB, AMB, AHMB, AHisB, APyrB, BABIM, HemiBABIM, BBIM.

on ice and then saturated with anhydrous hydrochloric acid bubbled A total of 2.25 g of 4-amino-3-nitrobenzamidine and 0.5 g of 10%
through sulfuric acid at 0C for 30 min. The flask was capped and  palladium on carbon were added to a Parr reaction bottle. Under a
stirred at room temperature for 2 days. The suspension was thencontinuous flow of argon, 100 mL of methanol and 25 mL of water
Cooled on ice and I’esa’[urated with anhydl’ous hydrOCthfiC aCid at were added. The suspension was hydrogenated in a Parr reactor
0 °C for 30 min. The flask was capped and stirred at room pij| hydrogen gas was no longer consumed. Palladium on carbon
temperature for 7 days. A total of 50 mL of diethyl ether was added, ;45 removed by suction filtration through Celite, and the solvent
and the rgactlon mixture was Ch'_”ed on an ice bath. _The l'g_ht' was removed by rotary evaporation. A total of 1.59 g (82%) of the
ygllow solid was Cf)"eCted. by filtration un(_jer argon and_ rlnsed_wnh white solid product was stored under argon until further use. The
diethyl ether, yielding the imidate salt, which was used immediately product was characterized By NMR analysis and elemental

in the next reaction step. 1 .
The imidate salt was placed in a Parr reaction bottle, and 200 analysis’H NMR (300 MHz, DMSOd): 0 4.8 (s, 2H, NH), 5.6

proof ethanol (200 mL) was added. The solution was saturated with (S 2H: NFt), 6.5-6.9 (m, 3H, aromatic H), 8.4 (s, 2H, amidine
anhydrous ammonia for 30 min. After saturation with ammonia, ), 8.7 (s, 2H, amidine H). Anal. Calcd forB1Ns"HCI: C, 45.04;
the Parr bottle was clamped closed and heated &C8for 12 h. H, 5.95/ N, 30.02; Cl, 18.99. Found: C, 44.82; H, 5.83; N, 29.58;
The imidate salt dissolved in ethanol when heated, and the insolubleCl, 19.17.
product precipitated out of solution as the reaction proceeded. The  (d) Synthesis of (5-Amidino-2-benzimidazolyl)-2-benzimida-
suspension was then cooled t°0. The dark-yellow solid was  zolyimethane (HemiBABIM). HemiBABIM was synthesized using
collected by suction filtration and r!nsed _W|th diethyl eth_er. The 4 previously described procedure by Fairley etalhe product
product was stored under argon unt_ll use |nthe_n_ext reaction. After was characterized byH NMR analysis.!H NMR (300 MHz,
the reaction, 4.69 g ‘of 4-am|n0-3-n|trobenzam|Q|ne was collected DMSO-ds, TFA): & 5.2 (s, 2H, CH), 7.5-8.3 (m, 7H, aromatic
(58.3%). The resulting product was characterized'dyNMR - - )
S . ! H), 9.0 (s, 2H, amidine H), 9.4 (s, 2H, amidine H). MS: calcd for

analysis!H NMR (300 MHz, DMSO«): 6 7.1 (d, 1H, aromatic CrHiNe. 273.010145- found. 273.10120
H), 7.8 (d, 1H, aromatic H), 8.1 (s, 2H, NH 8.6 (s, 1H, aromatic e ' relhe :
H), 9.1 (br, 4H, amidine H). (e) Synthesis of 5-Amidino-2-methylbenzimidazole (AMB).

(c) Synthesis of 3,4-Diaminobenzamidine (ADAB)ADAB was 5-Cyano-2-methylbenzimidazole was synthesized by a modification
synthesized by a modification of the procedure of Fairley ét al. of the procedure of Rangarajan et al. for the syntheses of similar
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5-cyano-2-substituted benzimidazolés total of 1.33 g of 3,4- anhydrous hydrochloric acid bubbled through sulfuric acid &€ 0
diaminobenzonitrile was refluxed with 1.70 g of sodium acetate in for 30 min. The flask was capped and allowed to stir at room
4 M hydrochloric acid (12 mL) for 3 h. The dark-blue solution temperature for 10 days. The reaction mixture was chilled and then
was basified to pH> 10 with 2 M sodium carbonate, and a filtered under argon, yielding the diimidate salt. The diimidate salt
precipitate formed. Ethyl acetate was added to extract the desiredwas washed with cold diethyl ether and dried on a vacuum line
product. The pink ethyl acetate layer was dried over sodium sulfate overnight. The white solid was stored in a drybox until it was used.
and filtered. The filtrate was dried by rotary evaporation. The A total of 1.10 g of the diimidate salt was reacted with 1.77 g of
desired product was isolated by column chromatography with a ApaB in glacial acetic acid (50 mL) at 78C for 16 h under argon.
silica gel 236-400-mesh stationary phase, using first ethyl acetate The reaction mixture was cooled to room temperature and filtered.
as an eluant and then a 50:50 ethyl acetate/methanol mixture.  pjethy| ether was added to the filtrate, and a sticky oil precipitated

A total of 0.38 g of 5-cyano-2-methylbenzimidazole, synthesized out, The liquid was decanted, and the remaining oil was rinsed
above, was added to a round-bottomed flask with anhydrous dioxaneseyeral times with diethyl ether. The oil was dissolved in hot
(15 mL) and anhydrous methanol (0.5 mL). The reaction mixture >_propanol (50 mL), cooled to room temperature, and filtered.
was cooled on ice and then saturated with anhydrous hydrochloric piethy ether (150 mL) was added to precipitate the product. The
acid bubbled through sulfuric acid at°C for 30 min. The flask  sojig was filtered and rinsed with copious amounts of diethyl ether.
was capped and allowed to stir at room temperature for 4 days. The remaining hygroscopic solid was quickly transferred to a vial
The reaction mixture was chilled and then filtered under argon, 5.,q placed on a vacuum line overnight to dry, yielding 0.6 g (13%).
yielding the imidate salt. The imidate salt was washed with cold ¢ product was characterized By NMR analysis and elemental
diethyl ether and then transferred to a Parr reaction bottle. A total analysisH NMR (300 MHz, DMSOds, TFA): & 4.6 (s, 2H, CH),
of 30 mL of 200 proof ethanol was added to the Parr bottle, and ; g g 3 (m, 6H, aromatic H), 9.0 (s, 4H, amidine H), 9.3 (s, 4H,
the solution was saturated with anhydrous ammonia for 30 min. 4 idine H). Anal. Calcd for GH16Ng'3HCI-0.5NHCIH,0: C,
After saturation with ammonia, the Parr bottle was clamped closed 42.0:H, 4.7: N, 24.5; Cl, 25.6. Found: C, 41.51: H, 4.19: N, 23.24:
and heated at 8%C for 6 h. The reaction was cooled to°G, and Cl, 25.60.
solid was precipitated with cold diethyl ether. The solid was
collected by filtration and rinsed with cold diethyl ether, yielding d
0.18 g (35%). The product was characterizedtdyNMR analysis
and elemental analysidd NMR (300 MHz, DMSO#ds, TFA): 6
2.8 (s, 3H, CH), 7.8-8.2 (m, 3H, aromatic H), 9.1 (s, 2H, amidine
H), 9.5 (s, 2H, amidine H). Anal. Calcd for ¢8;0N4HCI:
0.35H0: C, 49.8; H, 5.40; N, 25.8; Cl, 16.4. Found: C, 50.3
H, 5.28; N, 25.22; Cl, 15.90.

(f) Synthesis of 5-Amidino-2-(hydroxymethyl)benzimidazole
(AHMB). AHMB was synthesized by a modification of the

rocedure of Phillips for the synthesis of 2-substituted benzimida-
golesﬂ A total of 1|086 g of A%AB was refluxed with 0.95 g of anhydrous hydrochloric acid was added to the oil and dried by rotary

glycolic acid i 4 M hydrochloric acid (12 mL) for 48 h. The dark- evaporation, Ieaving.a gray solid. The product was rin;ed with 100
green reaction mixture was removed from heat and allowed to cool ™Mb ©f @ cold 4:1 mixture of acetone/hydrochloric acid and air-
to room temperature. After cooling, the mixture was basified to dried- After purification, 0.228 g (8.5%) of solid was collected.
pH 5 with ammonium hydroxide, resulting in a change of color to 11 Product was characterized By NMR analysis and elemental
red. The solution was filtered to remove solid impurities, and the nalysis*H NMR (300 MHz, DMSO¢k): 0 4.8 (s, 2H, CH), 7.5~
solvent was removed by rotary evaporation. The solid was 8-2 (M. 7H, aromatic H), 9.1 (s, 2H, amidine H), 9.4 (s, 2H, amidine
suspended in 80 mL of warm methanol and collected by suction H)- Anal. Calcd for GaHiaNs-3HCI-1.75H0: C, 42.87; H, 4.66;
filtration. The solid was washed with copious amounts of diethyl N:17.86; Cl, 27.12. Found: C, 42.60; H, 4.62; N, 17.24; Cl, 27.83.
ether before being collected. A coldfinger apparatus was set up on (i) Synthesis of 5-Amidino-2-(imidazol-4-ylmethyl)benzimi-
a vacuum line, and the solid was placed on the vacuum line and dazole (AHisB).AHisB was synthesized by a modification of the
heated at or below 100C, allowing the ammonium chloride  procedure of Phillips for the synthesis of 2-substituted benzimida-
impurity to be collected on the coldfinger. The remaining solid was zoles!’ A total of 1 g of 4-imidazoleacetic acid hydrochloride and
collected, yielding 0.718 g (31%). The product was characterized 0.933 g of ADAB were refluxedri 4 M hydrochloric acid (9 mL)
by IH NMR analysis and elemental analysis. NMR (300 MHz, for 48 h. The reaction mixture was dried by rotary evaporation.
DMSO-ds, TFA): 0 5.0 (s, 2H, CH), 7.8-8.2 (m, 3H, aromatic The resulting solid was dissolved in 100 mL of methanol and
H), 9.1 (s, 2H, amidine H), 9.5 (s, 2H, amidine H). Anal. Calcd filtered. Diethyl ether was added to the filtrate to precipitate the
for CogH1oN4O-HCI-0.25H,0: C, 46.8; H, 4.98; N, 24.2; Cl, 15.4.  desired product. The solid was collected by filtration and rinsed
Found: C, 46.90; H, 4.84; N, 23.84; Cl, 15.77. with copious amounts of diethyl ether. The solid was placed on a
(9) Synthesis of Bis(5-amidino-2-benzimidazolyl)methane  vacuum line overnight to dry. A total of 1.5 g (82%) of product
(BABIM). BABIM was synthesized in a manner similar to that of ~was collected. The product was analyzedHyNMR analysis and
Cleary et al. for bis(benzimidazole¥).A total of 2.5 g of elemental analysiSH NMR (300 MHz, DMSO¢s, TFA): 6 4.8
malononitrile was added to a round-bottomed flask containing (s, 2H, ChH), 7.2—9.1 (m, 5H, aromatic H), 9.1 (s, 2H, amidine
anhydrous dioxane (50 mL) and 200 proof ethanol (6.2 mL). The H), 9.5 (s, 2H, amidine H). Anal. Calcd for,&1:,Ng*3HCI-H,O:
reaction mixture was cooled on ice and then saturated with

(h) Synthesis of 5-Amidino-2-(pyridin-Z-ylmethyl)benzimi-
azole (APyrB). APyrB was synthesized by a modification of the
procedure of Verner et al. for the synthesis of 2-substituted
benzimidazole$? A total of 1.28 g of ADAB and 1.22 g of
2-pyridinylacetic acid hydrochloride were heated with polyphos-
3 phoric acid (20 g) at 180C for 3 h. The hot solution was poured
" into 100 mL of water and neutralized with sodium hydroxide pellets.
The solid was collected and dissolved in methanol. The solution
was filtered, and the filtrate was concentrated to a dark-green oil
by rotary evaporation. A total of 30 mL of ethanol saturated with

(19) Verner, E.; Katz, B. A.; Spencer, J. R.; Allen, D.; Hataye, J.;

(16) Rangarajan, M.; Kim, J. S.; Sim, S.-P.; Liu, A.; Liu, L. F.; LaVoie, Hruzewicz, W.; Hui, H. C.; Kolesnikov, A.; Li, Y.; Luong, C.; Martelli,

E. J.Bioorg. Med. Chem200Q 8, 2591-2600. A.; Radika, K.; Rai, R.; She, M.; Shrader, W.; Sprengeler, P. A.; Trapp,
(17) Pnhillips, M. A.J. Chem. Socl928 2393-2399. S.; Wang, J.; Young, W. B.; Mackman, R. . Med. Chem2001,
(18) Cleary, D. G.; Cory, M.; Sherman, P. RCT Int. Appl.1995 69 pp. 44, 2753-2771.
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C, 39.2; H, 4.63; N, 22.9; Cl, 29.0. Found: C, 39.55; H, 4.51; N,
22.87; Cl, 28.72.

() Synthesis of Bis(2-benzimidazolyl)methane (BBIM)BBIM
was synthesized by a modification of the procedure of Phillips for
the synthesis of 2-substituted benzimidazaéleA.total of 1.44 g
of malonic acid ad 3 g of1,2-phenylenediamine were refluxed in
4 M hydrochloric acid (12 mL) for 48 h. The reaction mixture was
allowed to cool and then basified Wwi2 M sodium carbonate. The

Paul et al.

Once an initial inhibition constant was determined, the inhibitor
concentrations were varied within a more narrow range to determine
a more exact inhibitory constant. The reaction mixture was prepared,
followed by immediate addition of the substrate to initiate the
reaction. The absorbance increase at 405 nm was collectee-for 4
min, and the linear portion of the graph was used for analysis. Using
the extinction coefficient of nitroanilide at 405 nna & 10.4
mmol~! L cm™1), the slope was converted to velocity (millimoles

mixture was extracted to ethyl acetate and dried over sodium sulfate.per minute). The data were analyzed using a SigmaPlot Enzyme
The solid sodium sulfate was filtered, and the filtrate was removed Kinetics Module 1.11 competitive inhibition model to determine

by rotary evaporation to yield a brown solid. The solid was treated
with a small amount of ethyl acetate to dissolve impurities, and
the solid was collected by filtration, rinsing with diethyl ether. After
rinsing, 0.16 g (9.3%) of product was collected. The product was
characterized byH NMR analysis and elemental analysid. NMR
(300 MHz, DMSO¢dg): 6 4.5 (s, 2H, CH), 7.1-7.6 (m, 8H,
aromatic H). Anal. Calcd for GH;.N4: C, 72.6; H, 4.87; N, 22.6;
Cl, 0. Found: C, 71.86; H, 4.81; N, 22.14; CI, 0.11.

Enzyme Kinetics.All kinetic data were collected on a Cary 300
Bio UVl/visible spectrophotometer at 23C. Reactions were
typically run in triplicate using the multicell changer of the

an inhibition constanty;.

Stock solutions of 1 mM metal chlorides, ZnCCuCh, NiCl,,
CoCkL, MnCl,, ScCk, YCI3, CdChL, and HgC}, were prepared in
50 mM Tris-HCI, 100 mM sodium chloride, and pH 8.1 buffer at
25°C to determine the apparent inhibition constants in the presence
of metal ions. The final reaction mixture contained 1 mL of 0.8
mM metal chloride, 50 mM Tris-HCI, 100 mM sodium chloride,
and 10% DMSO at pH 8.1. The final enzyme concentration was 1
nM. Substrate concentrations varied from 19 touR6. Inhibition
was determined in the same way as the absence of metal ions, with
the exception that the reaction mixture was allowed to preincubate

spectrophotometer. Methacrylate disposable cuvettes of 1 mL werefor 30 min prior to the addition of the substrate to initiate enzyme
purchased from Fisher Scientific. The data collected were analyzedactivity. This is to accommodate the slow-binding nature of metal-
using Kaleidagraph version 3.52 by Synergy Software and Sigma- Mediated inhibition. The data were analyzed using a SigmaPlot

Plot version 8.0 with the SigmaPlot Enzyme Kinetics Module 1.11

Enzyme Kinetics Module 1.11 competitive inhibition model or tight-

by SPSS Inc. Kinetic data were collected using the chromogenic binding inhibition model to determine the apparent inhibition

substrate, Chromozym TH (tosylglycylprolylarginine/4-nitroanilide

acetate), purchased from Roche. Chromozym TH was dissolved in

dimethyl sulfoxide (DMSO) to a concentration of 1.9 mM and

constantK;'.
Determination of Inhibition Constants. Inhibition was mea-
sured and defined in terms of the inhibition constdgt,K; is a

stored in the dark at room temperature. Unused portions were dissociation constant between the inhibitor and enzyme as described
discarded after 2 weeks. Bovine trypsin was purchased from Sigmaby €q 12° Determination of the inhibition constant was ac-

and Worthington Biochemical Corp. Bovine trypsin was diluted to
stock concentrations of 14 and 20 nM in 25 mM Tris-HCI, 50 mM
sodium chloride, pH 8.1 buffer, and 50% glycerol at°®5 These
stock solutions were stored at20 °C prior to use. All inhibitors
were dissolved in 50 mM Tris-HCI, 100 mM sodium chloride, and
pH 8.1 buffer at their desired concentrations prior to use. All metal
chlorides were purchased from Aldrich and used without further
purification. All other chemicals used were purchased from Aldrich
or Fisher Scientific.

The stability of the trypsin enzyme was evaluated using an initial
reaction mixture that contained 50 mM Tris-HCI, 100 mM sodium
chloride, and pH 8.1 buffer at 28C. The enzyme was incubated
in the reaction mixture over a range of time intervals from 0 min
to 2.5 h. After each incubation time, the enzyme activity was
initiated by the addition of the substrate, Chromozym TH, to a final
concentration of 3&M. The absorbance increase at 405 nm was
collected for 4-5 min, and the linear portion of the graph was used
for analysis. Using the extinction coefficient of nitroanilide at 405
nm (¢ = 10.4 mmol! L cm™1), the slope was converted to velocity
(millimoles per minute). The percentage of the maximal velocity

K; = [E][IVEN @
complished through spectroscopic assays, using a chromogenic
substrate of trypsin. During examination of the inhibitors in the
absence of metal ions, simple competitive inhibition was observed.
However, with the addition of metal ions, two additional modes of
inhibition were observed and measurements were reported as an
apparent inhibition constank;'.

The first new mode of inhibition observed when metal ions were
added to the reaction was slow-binding inhibition. Slow-binding
inhibition results from the delayed establishment of equilibrium
between the enzyme and inhibitr?2 Because the time for
equilibrium to be established between the free metal ion, inhibitor,
and enzyme was on the order of several minutes, standard
Michaelis-Menten kinetics do not appR:22 To account for the
slow-binding nature of these inhibitors in the presence of metal
ions, a preincubation of the inhibitor, metal ion, and enzyme was
performed before the addition of the subst@&t€his preincubation
time allowed for a steady-state equilibrium to be established before

was calculated, and data were plotted in the Kaleidagraph as athe reaction with the substrate was observed.

function of the incubation time of the enzyme (see the Supporting
Information).

A stock solution of 1 mM ethylenediaminetetraacetic acid
(EDTA) in 50 mM Tris-HCI, 100 mM sodium chloride, and pH
8.1 buffer at 25°C was prepared to determine inhibition constants

in the absence of exogenous metal ions. The final reaction mixture

contained in 1 mL of 0.8 mM EDTA, 50 mM Tris-HCI, 100 mM
sodium chloride, and 10% DMSO at pH 8.1. The final enzyme

concentration was 0.7 nM. The substrate concentrations were varie

from 19 to 76uM Chromozym TH. Inhibitor concentrations were

varied over a broad range to determine an initial inhibition constant.
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The second case of inhibition noted during metal-assisted studies
with trypsin was tight-binding inhibitioA23 Tight-binding inhibi-
tion occurs when the inhibitory effects of a particular inhibitor are

(20) Copeland, R. AEnzymes: A Practical Introduction to Structure,
Mechanism, and Data Analysi&nd ed.; John Wiley & Sons: New
York, 2000.

(21) Morrison, J. F.; Walsh, C. TAdv. Enzymol. Relat. Areas Mol. Biol.
1988 61, 201—-301.

0(22) Szedlacsek, S. E.; Duggleby, R.Methods Enzymol995 249, 144~
80

(23) Williams, J. W.; Morrison, J. AMethods Enzymoll979 63, 437—
467.
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Table 1. Inhibition Constants of Bovine Trypsin with AB Inhibitors modification of the AB inhibitor by the addition of amine
inhibitor K; with EDTA («M) Ki' with Zn2* (uM) groups does not significantly alter ttig values.
AB 37+ 2 (18.4) 10241 Elaborated 5-amidino-2-substituted benzimidazoles (Figure
AAB 15.14+0.6 (8.25) S0+2 2) also inhibit trypsin withK; values ranging from 30 to 50
ADAB 2842 41+3 uM (Table 2). The largest inhibitors examined, BABIM and
a3 Experimental conditions at pH 8.15, 2827 HemiBABIM, exhibit K; values of 11.4+ 0.7 and 22+ 1

seen at concentrations of inhibitor that are comparable to that OfﬁM,d.resp(?CEvely. .dA.‘S with the ﬁlenhlt_)(ljt_ors,z hy(:)ro_gen d
the enzyme. In the case of tight-binding inhibitors, the double- onding of the amidine group In the 5-amidino-2-substitute

reciprocal plots used in standard Michaellenten kinetics mimic ~ P€nzimidazoles to Asp189 provides the primary interaction
noncompetitive inhibitors by intersecting at thexis rather than ~ With trypsin. The compound BBIM does not contain an

competitive inhibitors, which intersect at tige@xis2° An inhibitor amidine group, and accordingly, there is no detectable affinity

is no longer considered a simple competitive inhibitor but a tight- for trypsin in the absence of metal ions (Table 2).

binding inhibitor if eq 2 is satisfied!"2°K;" is the apparent inhibition Figure 3 shows docking results for the modeling of the
K/ < 1000[E] @) BABIM inhibitor to the active site of trypsin. As expected,

one of the amidine moieties in the BABIM inhibitor is always
constant, and [E] is the enzyme concentration in the reaction Situated into the specificity pocket and hydrogen-bonded to
mixture. Aspl189. The other benzimidazole group is free to shift into

Not all of the metal-mediated inhibitors fall into the tight-binding many different positions, provided the amidingsp189
class; however, all of the inhibitors were treated as slow-binding nteraction is preserved.
inhibitors in the presence of metal ions.

ihiti i i 2+
Computer Modeling. The crystal structure of the bovine trypsin/ In.h.lbltlon 0f+ Trypsm ol Presgnqe of Zn L Th_e
BABIM/Zn2* complex at pH 8.2 (RCSB Protein Data Bank ID addition of Zr#* ions changes the affinities of the inhibitors

number 1XUF) as reported by Katz et al. was used for all analjses. {07 trypsin dramatically. Free 2 inhibits trypsin with a
Protein Explorer Version 2 was used to visualize the crystal Ki of 1.19+ 0.09 mM (Table 3). Interestingly, the simple
structure. Docking studies were performed using Sybyl Version 6.9 AB inhibitors demonstrate an apparel@creasen inhibition
by Tripos and the FlexX module by the German National Research when Zr#' is present compared to the inhibition observed
Center for Information Technology (GMD). The R. L. Juliano when no ZA" is present in the reaction (Table 1). This
Structural Biolnformatics Core Facility at the University of North  apparent decrease in inhibition of the AB compounds is likely
Carolina at Chapel Hill was used for modeling studies. due to Z@* ions and the AB compounds inhibiting the
enzyme independently of each other. Thus, the increase in
theK;' value indicates that while both the AB inhibitors and
The compounds ADAB, AMB, AHMB, APyrB, AHisB,  zn2* can occupy the active site at the same time, they do
BABIM, HemiBABIM, and BBIM (Figure 2) were synthe-  not do so synergistically.
sized by adaptations of procedures reported by Phillips and - the 5_amidino-2-substituted benzimidazole inhibitors pro-

i 15,17 i 1 i . . . R
Fairley et af>!" Detailed procedures are given in the q,ce 4 significantly different result than the simple AB

Experimgntal Section. ) inhibitors in the presence of Zh As observed by Katz et
Inhibition of Trypsin in the Absence of Free Metal al. 13143l 5-amidino-2-substituted benzimidazole inhibitors

Ion.s. Tryp;in hydrolyzes peptides_foIIO\{ving arginine_and exhibit increased inhibition (decreasekii) when Zr#* is
lysine residues due to an aspartic acid (Asp189) in the yq4eq to the reaction mixture compared to the inhibition
specificity pocket adjacent to the catalytic active site of the pseryeq in the absence of metal ions (Table 4). This increase
enzyme. The Asp189 hydrogen bonds to arginine and lysinej, inpipition is due to the Z#t ion coordinating the active
amino acids in large peptides, properly orienting the amide gjte serine and histidine, along with the benzimidazole
bond for hydrolysis by the active site serine, Ser198B inhibitor, forming a tighter inhibitor-enzyme complex that
and AAB (Figure 2) are known competitive inhibitors of  henyise cannot be formed when no metal ions are préent.
trypsin that competitively hydrogen bond to the Asp189 rqr ease of discussion, we will compare the inhibition of

residue?’"*° Binding of the amidine group is further stabi- aqe compounds when no metal ions are present to the
lized by two other amino acid residues, Ser190 and Gly219, jhhipition of the compounds in the presence of metal ions

through additional hydrogen bondifgAccordingly, AB, using the termA,3 which is calculated by dividing the
AAB, and ADAB all exhibit micromolar inhibition constants  ibition constant of the inhibitor in the absence of metal

(Table 1) for trypsin, ranging from 15 to 40M. Slight ions by the apparent inhibition constant of the inhibitor in

(24) Goldstein, AJ. Gen. Physiol1944 27, 529580 the presence of metal ions. Therefore, at higher values of
(25) Dixon, M.; Webb, E. CEnzymes3rd ed.; Academic Press: New A, there is a higher degree of metal-assisted inhibition for

Results and Discussion

York, 1979. _ _ the compound. When there is no detectahlevalue, the
(26) Voet, D.; Voet, J. G.; Pratt, C. WEundamentals of Biochemistry . . .

John' Wiley & Sons: New York, 1999. metal ion does not appear to increase the affinity of the
(27) Mares-Guia, M.; Shaw, B. Biol. Chem1965 240, 1579-1585. compound for the enzyme.

(28) Kossiakoff, A. A.; Chambers, J. L.; Kay, L. M.; Stroud, R. M.
Biochemistryl977, 16, 654-664.

(29) Huber, R.; Bode, WAcc. Chem. Red.978 11, 114-122. (31) Katz, B. A;; Stroud, R. M,; Clark, J. M.; Jenkins, T. E.; Janc, J. W;
(30) Krieger, M.; Kay, L. M.; Stroud, R. MJ. Mol. Biol. 1974 83, 209~ Moore, W. R.; Venuti, M. CSpec. Pubt-R. Soc. ChenR001 264,
230. 211-222.
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and = not determined. n.o= none observed Human trypsin at 10 mM EDTA, pH 8.2, 213 ¢K; of a similar AHisB inhibitor!3 4 Human trypsin at 15@M ZnCl,, pH 8.2, 22°C13 €K of 5.0 + 0.3

nM with bovine trypsin at 100 nM ZngG| pH 8.2, 22°C 13
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Figure 3. BABIM docked in the active site of bovine trypsin. The blue,
yellow, and red BABIM inhibitors represent a sample of the docking results
using Sybyl Version 6.9 by Tripos with the FlexX module by GMD. The
multicolored BABIM inhibitor represents the location of the inhibitor when
Zn2* is present as indicated by the crystal structdre.

Table 3. Inhibition Constants of Bovine Trypsin with Selected Metal
lons

metal ion Ki (mM) metal ion Ki (mM)
Zn?t 1.19+ 0.09 Cd* 25+1
Cuw* 26+0.1 Hg* 14+0.1
Ni2*+ 10.4+0.4 Y+ 58+04
Co*™ 4142 Scét not determinedl
Mn2+ >200

2 No inhibition was observed at concentrations up to 200 mM MnCl
bNo inhibition was observed as SeCprecipitated out of solution at
concentrations above 5 mM.

This A effect ranges from as little as 6.1 for the methyl
inhibitor, AMB, to 59 000 for the HemiBABIM inhibitor
(Table 4). Because AMB can only function as a monodentate
ligand to Zr#* through the nitrogen in the 1 position of the
benzimidazole ring, it is not surprising that a modasis
observed. This value provides a baseline for the interaction
of a single coordinating group from the inhibitor to the metal
ion. The AHMB inhibitor has a higheA value of 20 than
AMB, indicating that the pendant hydroxyl group can
coordinate to Z#" in addition to the benzimidazole nitrogen.

Pyridine-based compounds have been examined as zinc
chelator# and zinc sensors: 3¢ The inhibitor APyrB has a
pyridine group in the 2 position of the 5-amidino-2-
substituted benzimidazole and gives a much largeffect
of 2500 in the presence of Zh Even largerA effects in
the presence of 2n were observed with inhibitors that
present a second imidazole-like ligand to the metal center:

(32) Kawabata, E.; Kikuchi, K.; Urano, Y.; Kojima, H.; Odani, A.; Nagano,
T.J. Am. Chem. So@005 127, 818-819.

(33) Walkup, G. K.; Burdette, S. C.; Lippard, S. J.; Tsien, RJYAm.
Chem. Soc200Q 122, 5644-5645.

(34) Maruyama, S.; Kikuchi, K.; Hirano, T.; Urano, Y.; NaganoJTAm.
Chem. Soc2002 124, 10650-10651.

(35) Woodroofe, C. C.; Lippard, S.J.Am. Chem. So2003 125 11458~
11459.

(36) Taki, M.; Wolford, J. L.; O’'Halloran, T. VJ. Am. Chem. So2004
126 712-713.
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Table 4. A Values for 5-Amidino-2-substituted Benzimidazdles

inhibitor AZnZt AMnZ* AC*+ ACUZ+ ANiZt ASCG* AY3*t ACd+ AHg?+
AMB 6.1 no A effect noA effect noA effect noA effect noA effect noA effect noA effect 3.8
AHMB 20 no A effect noA effect noA effect noA effect noA effect noA effect noA effect 100
APyrB 2500 2.6 2.3 15 na effect noA effect noA effect 14 1100
AHisB 10000 18 5.5 3.7 na effect 5.3 6.3 60 780
HemiBABIM 59000 7900 260 62 82 1700 920 3100 500
BABIM 15000 nd nd nd nd 86 60 nd nd

and = not determined.

the AHisB inhibitor has a\ value of 10 000, whereas the
bis(benzimidazoles) BABIM and HemiBABIM have\
values with ZA* of 15 000 and 59 000, respectivelyhis

59 000-fold increase in inhibition equates a3370 pM K’

for HemiBABIM (Table 2). Several zinc enzymes use
imidazole ligands to coordinate Znwith extremely tight
affinities#~3° thus, it is not surprising that we observed large

when Zrtt is present. This value is small compared to that
of 15 000 for trypsin with BABIM in the presence of Zn
(Table 4), so we determined the effect of several first-row
transition-metal ions in the inhibition of trypsin by 5-ami-
dino-2-substituted benzimidazole derivatives.

The metal ions M#&", Co?t, Ni?t, and C@d" all exhibit
various degrees of metal-assisted inhibition with the 5-ami-

A values for molecules that contain imidazole and benzimida- dino-2-substituted benzimidazoles. The AMB and AHMB

zole ligands.

Because BBIM lacks an amidine group, there is no
detectable affinity for trypsin in the absence of metal ions,
as discussed above. However, wher?'Zion is present,
BBIM gives aK;' of 127 & 3 nM (Table 2). This result
provides a quantitative assessment of theffect in the
absence of assistance from amiditoarboxylate hydrogen

inhibitors both do not show A effect with the metal ions
Mn2*t, Co?t, Ni?t, and Cd*t (Table 4), indicating that the
special affinity of Zi#* is required for these relatively weak
inhibitors. The APyrB inhibitor shows a small degree of
metal-assisted inhibition with Mn, C&**, and C@*, with

A values of 2.6, 2.3, and 1.5, respectively. This small
enhancement is less than that seen, for example, for the

bonding and suggests that an independent means of associathonodentate AMB inhibitor in the presence oPZi{A value

ing the inhibitor is not required to achieve potent?Zn
assisted inhibition. In all of the other inhibitors studied in
our laboratory and by Katz et df!4an amidine moiety has
been present to direct the inhibitor to the active site. The
nanomolarK;' value of BBIM in the presence of Zhion

of 6.1) and far less than th& value of APyrB with Zi#* of
2500. Furthermore, Ri does not enhance the inhibition
properties of the APyrB inhibitor for trypsin. The AHisB
inhibitor shows largen effects in the presence of the metal
ions Mr?t, Co?t, and C@* than the correspondingy values

that we present here indicates that the metal binding alonefor APyrB. The M#t enhancement is the largest for the

can produce a tight inhibitor and suggests that the metal-

assisted effect might ultimately be applied to other serine
proteases that lack specificity for cationic amino acids.
Inhibition of Trypsin in the Presence of Selected First-
Row Transition-Metal lons. Other metal ions can substitute
for Zn** in known Zr#* enzymes, such as carbonic
anhydrasé®4° Janc et al. demonstrated that metal ions other
than Zri#* can assist in the inhibition of the serine protease
tryptase (not trypsin) by BABIM; however, BABIM only
gave aA of 10 with Cd*, C?", and Mr#*, while no metal-
assisted inhibition was observed in the presence ¢f Cu
Mg?*, and NP*; oxidation of Cd to Cd" was not detected
in our experiments or reported by Katz et dlhese changes
in inhibition compare to & of 85 for tryptase with BABIM

(37) Christianson, D. WAdv. Protein Chem1991, 42, 281-355.

(38) Dudeyv, T.; Lim, CChem. Re. 2003 103 773-787.

(39) Lipscomb, W. N.; Straeter, NChem. Re. 1996 96, 2375-2433.

(40) Tu, C. K.; Silverman, D. NBiochemistry1l985 24, 5881-5887.

(41) Wilkins, R. G.; Williams, K. RJ. Am. Chem. S0d.974 96, 2241~
2245.

(42) Bertini, I.; Luchinat, C.; Monnanni, R.; Roelens, S.; Moratal, JJM.
Am. Chem. Sod 987, 109, 7855-7856.

(43) Lanir, A.; Navon, GBiochemistryl972 11, 3536-3544.

(44) Led, J. J.; Neesgaard, Biochemistry1987 26, 183-192.

(45) Coleman, J. BJ. Biol. Chem.1967, 242, 5212-5219.

(46) Bauer, R.; Limkilde, P.; Johansen, JBiochemistryl976 15, 334~
342.

(47) Garmer, D. R.; Krauss, M. Am. Chem. Sod992 114, 6487-6493.

(48) Marino, T.; Russo, N.; Toscano, N. Am. Chem. SoQ005 127,
4242-4253.

(49) McCall, K. A.; Fierke, C. ABiochemistry2004 43, 3979-3986.

AHisB inhibitor with a A value of 18, whereas Cb and
CW?* haveA values of 5.5 and 3.7, respectively. However,
these values are also significantly less than th& Assisted
enhancement seen with AHisB of 10 000. As with the APyrB
inhibitor, AHisB does not have enhanced inhibition of trypsin
in the presence of free Ni.

The HemiBABIM inhibitor has a more pronounced change
across the first-row transition-metal series than the other
inhibitors examined (Table 4). With the HemiBABIM
inhibitor, the degree of enhancement of inhibition decreases
across the periodic table from Minto Cl#t (Table 4). The
A values for HemiBABIM with Mr#*, Co?*, Ni*, and Cé@*"
are 7900, 260, 82, and 62, respectively. Thealue of 7900
(Ki'" = 2.8 £ 0.5 nM) for HemiBABIM in the presence of
Mn?* is larger than theA effect of Zrtt with the APyrB
inhibitor (A value of 2500) and only slightly lower than the
A effect of Zr*™ with the AHisB inhibitor (A value of
10 000).

It is important to point out that the order of metal-assisted
inhibition does not follow the Irving Williams series, which
defines the relative stabilities of ligands formed with first-
row transition metals (Mit < Cc?t < Ni?t < Cw >
Zn?+) 5051 The largeA effects seen with Z&1 over the first-
row transition-metal ions (Mif, Co?*, Ni2", Cl*") most

(50) Sigel, H.; McCormick, D. BAcc. Chem. Re<97Q 3, 201—-208.
(51) Shriver, D.; Atkins, Plnorganic Chemistry3rd ed.; W. H. Freeman
and Co.: New York, 1999.
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likely arise from the strong preference ofZror tetrahedral
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Zn?* where metal-assisted inhibition of trypsin is observed

coordination and the ability of the ternary complex to orient with the AMB inhibitor; this is not surprising given the ability
the two nitrogens of the inhibitor in a tetrahedral array of Hg?" to form three-coordinate complex&s®®

compared to the coordinating amino acids (Figuré® 3.5
This idea is most dramatically shown by the lawvalue
for the C#" ion, which would be predicted to have the
greatest stability from the IrvingWilliams series but which

Although no Cd*-enhanced inhibition was observed with
the AHMB inhibitor, a unique result occurs when the AHMB
inhibitor is examined with Hf. A A value of 100 Ki' =
470 £+ 3 nM) was observed with Hg compared to the\

prefers a predominantly square-planar geometry or in somevalue of 20 Ki' = 1.61+ 0.064M) seen with Z&*. This is
cases a distorted four-coordinate geometry in biological the first example of an inhibitor that demonstrates better

molecules’®525455For C#* to adopt a square-planar geom-
etry, the amidine Asp189 interaction would have to be

inhibition with a metal ion other than 2h. Several reasons
might account for this observation. First, Hghas many

disrupted in the specificity pocket of the enzyme, thus valencies, which allow for more flexibility and different

decreasing the affinity of the inhibitor for the enzyme.
Inhibition of Trypsin in the Presence of Scandium and
Yttrium lons. Because the affinities for the first-row

potential binding modes of the benzimidazole inhibitor to
the metal iorP?5457 Second, AHMB is the only inhibitor
screened that binds in a five-membered chelate ring to the

transition-metal ions indicated that the tetrahedral geometry metal ion®! All of the other bidentate inhibitors bind in a

was the primary determinant of Znspecificity, the effects
of the @ metal ions S&" and Y8* on the inhibition of trypsin
by the AMB, AHMB, APyrB, AHisB, HemiBABIM, and
BABIM inhibitors (Figure 2) were determined. 8cand Y+
are harder ions than Zhbecause of their increased charge
but exhibit a strong preference for tetrahedral coordingfion.
The weaker inhibitors AMB, AHMB, and APyrB do not

six-membered chelate ring to the metal ion, and larger cations
are known to bind with a higher stability to five-membered
chelate rings, while smaller cations bind better to six-
membered chelate ring§The larger Hg" ion has an ionic
radius of 1.1 A compared to the smaller®Zrion with an
ionic radius of 0.74 A2

The APyrB inhibitor shows a 14-fold enhancement in the

demonstrate enhanced inhibition of trypsin in the presencepresence of Gt and an 1100-fold enhancement in the

of S&* and Y*; however, AHisB gave\ values of 5.3 and
6.3 in the presence of 8cand Y¢', respectively (Table 4),
and BABIM gaveA values of 86 and 60, respectively. As
with Zn?*, the largest increase in inhibition was with the
HemiBABIM inhibitor, which hasA values of 1700 and 920
in the presence of 8t and Y®*, respectively. With all
inhibitors, the increase in inhibition with Scand Y¢* is
significantly less than the increase seen witliZThe only
inhibitors that have an increase in inhibition with3Sand
Y3t are the bis(imidazole)-based inhibitors AHisB, BABIM,
and HemiBABIM. The highen values for Z&* compared
Sc* and Y8t are likely due to the borderline hardoft status
of Zn?* and the consequent affinity for imidazdfe®”
Inhibition of Trypsin in the Presence of Cadmium and
Mercury lons. The effects of the 8 metal ions Cé" and
Hg?" on the inhibition of trypsin by the AMB, AHMB,
APyrB, AHisB, and HemiBABIM inhibitors (Figure 2) were
also determined. Like Zn, C* and Hg"™ have d°

configurations, which might further elucidate the preferences

for metal-assisted inhibition of trypsin by 5-amidino-2-
substituted benzimidazole inhibitors. The’Cdnd Hg* ions
differ from Zr?* in that they are larger and softer than the
Zn?" ion.% The methyl-substituted inhibitor AMB does not
demonstrate Cd-enhanced inhibition; however, there is a
3.8-fold enhancement in the inhibition of trypsin when?Hg
is present (Table 4). Hg is the only metal ion other than

(52) Rulisek, L.; Vondrasek, J. Inorg. Biochem1998 71.

(53) Frausto da Silva, J. J. R.; Williams, R. J.TPe biological chemistry
of the elements: The inorganic chemistry of lifnd ed.; Oxford
University Press: New York, 2000.

(54) Rulisek, L.; Havlas, ZJ. Phys. Chem. B003 107, 2376-2385.

(55) Gray, H. B.; Malmstrom, B. G.; Williams, R. J. B. Biol. Inorg.
Chem.200Q 5, 551-559.

(56) Pearson, R. Gl. Am. Chem. S0d.963 85, 3533-3539.

(57) Lippard, S. J.; Berg, J. MPrinciples of Bioinorganic Chemistry
University Science Books: Mill Valley, CA, 1994.
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presence of HY. This enhancement with Hg is only
slightly less than that observed in the presence &f Zwith

a A effect of 2500. It is also interesting to note that the
AHisB inhibitor is a weaker inhibitor than APyrB in the
presence of HY with only a 780-fold enhancement. This
observation is in contrast to all of the other metal ions, which
show stronger inhibiton with AHisB than APyrB. AHisB has
a 60-fold increase in inhibition when €dis present and is
consistent with the general trend of AHisB having a higher
degree of metal enhancement than APyrB.

The HemiBABIM inhibitor is the only inhibitor studied
that has a higher degree of metal enhancement with Cd
when compared to Hg with A values of 3100 and 500,
respectively (Table 4). In the presence of?Hgthe Ki' of
44 + 3 nM is comparable to thk;' values of APyrB K’ =
28 £ 2 nM) and AHisB Ki' = 54 £+ 4 nM).

Conclusions

The ability of metal ions to increase dramatically the
affinity of benzimidazole-based inhibitors has been pursued
with applications in pharmaceutical discovéfy*We report
here the first systematic study with regard to the identity of
the metal ion and the identity and nature of the coordinating
inhibitor. The tetrahedral array afforded by the inhibitor and
the amino acid residues is the primary determinant of metal-
ion specificity. Within that dominating theme, the size of

(58) Wilker, J. J.; Wetterhahn, K. E.; Lippard, S.ldorg. Chem.1997,
36, 2079-2083.

(59) Watton, S. P.; Wright, J. G.; MacDonnell, F. M.; Bryson, J. W.; Sabat,
M.; O’'Halloran, T. V.J. Am. Chem. S0d.99Q 112 2824-2826.

(60) Canty, A. J.; Marker, Alnorg. Chem.1976 15, 425-430.

(61) Hancock, R. D.; Wade, P. W.; Ngwenya, M. P.; De Sousa, A. S;
Damu, K. V.Inorg. Chem.199Q 29, 1968-1974.

(62) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced
Inorganic Chemistry6th ed.; John Wiley & Sons: New York, 1999.
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the metal ion, ability to adopt three-coordination, and kard A effect in the absence of a contribution from the amieine

soft-type preferences for imidazole over pyridine or vice Aspl89 interaction. The ability to better understand the

versa play out as expected. energetics of metal ion assistance in enzyimhibitor
The observation that the BBIM inhibitor can inhibit trypsin interactions could lead to new modes of inhibition for

in the presence of 2, while having no affinity for the  challenging problems in drug discovery.

enzyme in the absence of the metal ion, is a remarkable

result. This phenomenon suggests that metal ions can be used Supporting Information Available: Plot of the stability of

to produce inhibitory interactions for proteins that are tyPsin as a function of the incubation time and examples of

otherwise difficult to inhibit through conventional enzyme ~ Michaelis-Menton plots (Figures S1S3). This material is avail-

inhibitor interactions. Further, the affinity of BBIM in the able free of charge via the Internet at hitp://pubs.acs.org.

presence of ZA provides a quantitative assessment of the 1C0516461
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