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ABsTRACT: Novel aryl derivatives of benzamidine were synthesized and tested for their inhibitory potency
against bovine trypsin, rat skin tryptase, human recombinant granzyme A, human thrombin, and human
plasma kallikrein. All compounds show competitive inhibition against these proteasek;wilkues in

the micromolar range. X-ray structures were determined to 1.8 A resolution for trypsin complexed with
two of the para-substituted benzamidine derivatives, 1-(4-amidinophenyl)-3-(4-chlorophenyl)urea (ACPU)
and 1-(4-amidinophenyl)-3-(4-phenoxyphenyl)urea (APPU). Although the inhibitors do not engage in
direct and specific interactions outside the S1 pocket, they do form intimdiect contacts with the

active site of trypsin. The inhibitors are linked to the enzyme by a sulfate ion that forms an intricate
network of three-centered hydrogen bonds. Comparison of these structures with other serine protease
structures with noncovalently bound oxyanions reveals a pair of highly conserved oxyanion-binding sites
in the active site. The positions of noncovalently bound oxyanions, such as the oxygen atoms of sulfate,
are distinct from the positions of covalent oxyanions of tetrahedral intermediates. Noncovalent oxyanion
positions are outside the “oxyanion hole.” Kinetics data suggest that protonation stabilizes the ternary
inhibitor/oxyanion/protease complex. In sum, both cations and anions can miédia@ation mediation

of potency of competitive inhibitors of serine proteases was previously reported by Stroud and co-workers
[Katz, B. A., Clark, J. M., Finer-Moore, J. S., Jenkins, T. E., Johnson, C. R., Ross, M. J., Luong, C.,
Moore, W. R., and Stroud, R. M. (1998)ature 391 608-612].

Trypsin-like serine proteases play critical roles in physi- anchored by hydrogen bonds to an aspartic acid residue at
ological processes such as blood coagulation, complementhe base of the primary specificity pocket (the ®cket)

activation, digestion, fibrinolysis, kinin formation, reproduc-
tion, and phagocytosi®). Inhibitors of trypsin-like enzymes
are potentially useful in treating a variety of disease states
including coronary and cerebral infraction, vascular clotting,
pancreatitis, arthritis, and tumor cell invasi@, 4). Potency
and specificity can be attained by incorporating the small
inhibitor benzamidinel; = 35 uM for bovine trypsin, 235
uM for human thrombin §)] into larger and more complex
inhibitors. Indeed, compounds such as NAP&PR 2,7-di-
(4-amidinophenyl)methenyl cycloheptanon®, (and a,o'-
bis(4-amidino-2-iodophenoxy)-xylene @), which incorpo-
rate the amidinophenyl moiety, demonstrate submicromolar
inhibition and high specificity for certain trypsin-like en-
zymes. Molecular interactions between these inhibitors and
target enzymes have been defined in detail from three-
dimensional structures of proteasahibitor complexes4,

10). The amidinophenyl moiety of the inhibitor is invariably
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and to other residues that form the walls of the pocket.

The interactions of inhibitors with serine proteases can
be mediated by divalent cationkl). Stroud and co-workers
recently noted that, upon addition of zinc(ll), thgs of
certain amidinophenyl-based compounds are reduced by 4
orders of magnitude. X-ray structures reveal ternary inhibi-
tor/cation/trypsin complexes with a zinc ion coordinated
simultaneously by inhibitor and active-site residues of the
protease. Here, we describe oxyanion mediation of inhibition
of trypsin-like proteases. We present high-resolution X-ray
structures of boving-trypsin inhibited with a novel class
of aryl inhibitors incorporating an amidinophenyl moiety
(Figure 1). In each structure, a well-ordered sulfate ion links
inhibitor to protein via a complex network of hydrogen
bonds. A pair of highly conserved binding sites for
noncovalent oxyanions is revealed by comparison of our
structures with previous serine protease structures containing
noncovalently bound oxyanions within the active site. These
oxyanion positions are distinct from the positions of oxyan-
ions of covalently bound tetrahedral intermediate analogues.
Inhibitory constants of all synthesized compounds for bovine
trypsin, human thrombin, rat skin tryptase, human granzyme
A, and human plasma kallikrein were found to be in the
micromolar range.K; values for bovine trypsin inhibition
by several compounds were lowered from 3 to 7-fold by
sulfate ions, consistent with conserved sulfate ion position
and interactions in the 3-dimensional structures. Our results
suggest that targeting oxyanions or other electronegative
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distillation from CaH. THF and dimethoxyethane were
dried by distilling from sodium benzophenone ketyl. Ben-
zene was dried by distillation from lithium aluminum
hydride. HCI was dried by passing through concentrated
H,SO, and CaCl. Ammonia was dried by passage through
KOH.

Benzamidine derivatives were prepared by a modified
Pinner reaction 13). The inhibitors are termed ureas or
ethers, depending on the functional group linking the
benzamidine and aromatic moieties. Synthesis of representa-
tive ureas and ethers are described below. The other
benzamidine derivatives were prepared by appropriate sub-

A 1
NH,

APPU 1
o)
|

16
12 O 15
\@ .
13
o 20 18
H 14 19

Ficure 1: Covalent structure of (A) 1-(4-amidinophenyl)-3-(4-

chlorophenyl)urea hydrochloride (ACPU) and (B) 1-(4-amidinophe-
nyl)-3-(4-phenoxyphenyl)urea hydrochloride (APPU).
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atoms to favorable positions in the active site of serine

proteases may be a reasonable strategy for inhibiting trypsin-

like proteases.

EXPERIMENTAL SECTION

Materials. Rat skin tryptase was provided by Dr. William
H. Simmons, Loyola University Medical Center (Maywood,
IL), human recombinant granzyme A by Dr. G. Duke Virca,
Immunex Corporation (Seattle, WA), humearthrombin by
Dr. Sriram Krishnaswamy, Emory University (Atlanta, GA),
and human plasma Kallikrein by Dr. Kazuo Fuzikawa,
University of Washington (Seattle, WA). Z-Lys-SBznd
bovine trypsin was purchased from Sigma Chemical Com-
pany (St. Louis, MO). DTNB was purchased from Aldrich
Chemical Co. (Milwaukee, WI). Z-Arg-SBzl was prepared
as previously describedl?). All other materials were
purchased from Sigma (St. Louis, MO).

Synthesis. Unless otherwise noted, synthetic materials
were obtained from commercial suppliers and used without
further purification. The purity of each compound synthe-
sized was determined bjH NMR spectroscopy, mass
spectrometry, thin-layer chromatography, and melting point
analysis. NMR chemical shifte)f are expressed in parts
per million (ppm) with tetramethylsilane as the internal
reference. Mass spectra were recorded on a Varian MAT

112S spectrometer. Elemental analyses were performed by2

Atlantic Microlabs (Atlanta). Thin-layer chromatography
analyses were conducted on Baker IB2-F silica gel plates.
Melting points were determined with a“Bhi capillary
apparatus. *H NMR spectra were recorded on a Varian
Gemini 300. Methanol and 2-propanol were dried by

1 Abbreviations: ACPU, 1-(4-amidinophenyl)-3-(4-chlorophenyl)-
urea hydrochloride; APPU, 1-(4-amidinophenyl)-3-(4-phenoxyphenyl)-
urea hydrochloride; DMSO, dimethyl sulfoxide; DTNB, 5¢thiobis-
(2-nitrobenzoic acid); HEPES, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid; LT, low temperature; MES, B{morpholino)ethane-
sulfonic acid; NAPAPN*-(2-naphthylsulphonylglycylp-amidinophe-
nylalanylpiperidine; PPACKp-Phe-Pro-Arg chloromethyl ketone; RT,
room temperature; Z-Arg-SBzIN—(benzyloxycarbonyl)arginylth-
iobenzyl ester; Z-Lys-SBzN—(benzyloxycarbonyl)lysinyl thiobenzyl
ester; THF, tetrahydrofuran.

2The nomenclature of Schechter and Berggii€ used to designate
the residues (R P, Py, P>, etc.) of a peptide substrate and the
corresponding subsitesA{S5,, Sy, S, etc.) of the enzyme. The scissile
bond is R—Py.

stitution of the starting materials.
1-(4-amidinophenyt3-phenyluregl). Phenylisocyanate
(9.52 g, 0.08 mol) was added to a stirred solution of
4-aminobenzonitrile (4.72 g, 0.04 mol) in dry benzene (200
mL). The resulting solution was refluxedrfé h and stirred
further at room temperature overnight. The precipitated solid
was filtered and recrystallized from methanol to yield the
target urea derivative as a white crystalline solid (8.3 g).
Dry HCI vapor was passed through the urea described
above (4.74 g, 0.02 mol) in dry dimethoxyethane (100 mL)
and dry methanol (3.2 g, 0.01 mol) for 1 h. The reaction
was stirred at room temperature for 24 h. The precipitated
imidate ester (3.5 g) was filtered and stored over KOH in a
vacuum desiccator for 24 h. The imidate ester (2 g, 0.006
mol) was dissolved in 2-propanol saturated with ammonia
(200 mL) and the reaction mixture was refluxed €h and
stirred further at room-temperature overnight. The solvent
was evaporated under reduced pressure, and the white solid
obtained was recrystallized fro2 N HCI to yield the title
compound as a HCI salt (1.5 g); mp 220 (decomp). *H
NMR (DMSO-dg): 6 7.00 (t, 1H), 7.30 (t, 2H), 7.45 (d, 2H),
7.65 (d, 2H), 7.80 (d, 2H), 8.80 (s, 2H), 9.15 (s, 2H), 9.40
(bs, 1H), 9.80 (bs, 1H). Anal calcd for;£H:15CIN,O-H,0:
C, 54.53; H, 5.56; CI, 11.35; N, 18.18. Found: C, 54.53;
H, 5.46; Cl, 11.42; N, 18.13.
1-(4-Amidinophenyt3-(4-chlorophenyurea Hydrochlo-
ride (2). Mp 275°C (decomp).H NMR (DMSO-dg): o
7.32 (d, 2H), 7.50 (d, 2H), 7.66 (d, 2H), 7.80 (d, 2H), 8.85
(s, 2H), 9.18 (s, 2H), 9.70 (s, 1H), 9.98 (s, 1H). Anal calcd
for C14H14CIbN4O-0.69 HO: C, 49.80; H, 4.58; Cl, 21.01;
N, 16.59. Found: C, 50.21; H, 4.62; CI, 20.73; N, 16.19.
1-(4-Amidinophenyt3-benzylurea Hydrochloridés). Mp
92 °C (decomp). *H NMR (DMSO-dg): 6 4.31 (d, 2H),
7.17 (t, 1H), 7.26-7.38 (m, 5H), 8.82 (s, 2H), 9.12 (s, 2H),
9.66 (s, 1H). Anal calcd for H,/CIN4O: C, 59.11; H,
5.62; Cl, 11.63; N, 18.38. Found: C, 59.23; H, 5.64; ClI,
11.63; N, 18.28.
1-(4-Amidinophenyt3-(4-phenoxyphenyirea Hydrochlo-
ride (4). Mp 202-205°C. *H NMR (DMSO-ds): 6 6.90-
7.01 (m, 4H), 7.09 (t, 1H), 7.35 (m, 2H), 7.47 (m, 2H),
7.65(d, 2H), 7.80 (d, 2H), 8.80 (s, 2H), 9.15 (s, 2H), 9.39
(s, 1H), 9.75 (s, 1H). Anal calcd for 5 H19CIN4O,-0.75
H.O: C, 60.60; H, 5.17; CI, 8.96; N, 14.14. Found: C,
60.62; H, 5.19; CI, 8.96; N, 14.05.
1-(3-Amidinophenyt3-phenylurea Hydrochloridés). Mp
252—-254°C. H NMR (DMSO-dg): 6 6.98 (t, 1H), 7.26-
7.35 (m, 3H), 7.46-7.55 (m, 3H), 7.70 (d, 1H), 7.95 (s, 1H),
9.1 (bs, 2H), 9.32 (bs, 2H), 9.45 (bs, 1H), 9.18 (bs, 1H).
Anal calcd for G4H;sCIN4O: C, 57.83; H, 5.20 Cl, 12.19;
N, 19.27. Found: C, 57.74; H, 5.20; CI, 12.16; N, 19.21.
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1-(3-Amidinophenyt3-(4-phenoxyphenydrea Hydrochlo- HCI and cooled to yield the product as a white solid (3.1 g,
ride (6). Mp 180-181°C. 'H NMR (DMSO-dg): 6 6.91— 84%); mp>250°C. H NMR (DMSO-dg): ¢ 7.68 (d, 4H),
7.20 (m, 4H), 7.10 (t, 1H), 7.367.40 (m, 3H), 7.457.58 7.84 (d, 4H), 9.00 (s, 4H), 9.23 (d, 4H), 10.45 (s, 2H). Anal
(m, 3H), 7.70(d, 1H), 7.95 (s, 1H), 9.00 (s, 2H), 9.34 (s, calcd for GsH1sCloNgO-0.3 H,O: C, 48.07; H, 4.96; ClI,
1H), 9.36 (s, 2H), 9.55 (s, 1H). Anal. calcd fopdH;9CIN,- 18.96; N, 22.43. Found: C, 48.06; H, 5.05; CI, 19.03; N,
0,:0.75 HO: C, 60.60; H, 5.17; CI, 8.96; N, 14.14. 22.55.

Found: C, 60.62; H, 5.19; CI, 8.96; N, 14.05. Enzyme Inhibition Kinetics, pH 7.52-Arg-SBzl was used

(4-Amidinobenzybenzyl Ether Hydrochloride(7). A as the substrate for all enzyme assays except for rat skin
solution of benzyl alcohol (1.08 g, 0.01 mol) in dry THF tryptase, where Z-Lys-SBzl was used. In all assays, forma-
(10 mL) was slowly added to sodium hydride (2.4 g, 0.10 tion of the 4-nitro-3-carboxyphenylthiol chromophore was
mol). The suspension was stirred at room temperature forfollowed by monitoring absorbance increase at 410 amp (

15 min. A solution ofa-bromo+p-tolunitrile (1.96 g, 0.01 14 173 Mcm™1) with a Beckman 35 spectrophotometer.
mol) in 10 mL of dry THF was added dropwise, and this With the exception of tryptase, assays were carried out at
reaction mixture was stirred at room temperature for 24 h. 23 °C in a plastic cuvette containing 2.0 mL of buffer with
Excess sodium hydride was carefully depleted by addition 25uL of inhibitor solution, 25:L of substrate solution (either

of water. The reaction mixture was suspended in ethyl 5.0, 2.5, or 1.25 mM), and 156L of DTNB solution (20
acetate and the organic layer was washed with dilute HCI, mM) added. Inhibitor, substrate, and DTNB stocks were
then water, then brine, and dried over anhydrous magnesiumdissolved in DMSO. Tryptase assays were identical to that
sulfate. The organic layer was evaporated to obtain the liquid just described with the exception that 1a0 of DTNB
cyano ether. solution (120 mM) was added to the cuvette. Reactions were

Dry HCl was passed through a cooled solution of the cyano initiated by addition of 2%L of enzyme solution{2.5uM)
ether (1.00 g, 0.004 mol) and dry methanol (0.67 g, 0.020 to the cuvette. Buffers used in enzyme assays were the
mol) in dry dimethoxyethane (30 mL) for 1 h, and the following: for trypsin, 0.1 M HEPES, pH 7.5, and 10 mM
reaction stored in a refrigerator for 16 h. The solvent was CaC); thrombin, 0.1 M HEPES, pH 7.5, 0.5 M NacCl, and
evaporated under reduced pressure. The imidate ester (1.0.1% PEG 6000; tryptase, 0.1 M HEPES, pH 7.5, 10%
g) obtained as a yellow solid was stored in a vacuum glycerol, and 1M heparin; granzyme A, 0.1 M HEPES,
desiccator over KOH for 24 h. The imidate ester was pH 7.5, and 10 mM CagG| kallikrein, 0.1 M HEPES, pH
dissolved in dry 2-propanol saturated with ammonia (50 mL), 7.5, and 0.5 M NaCl. Each compound was assayed with
refluxed for 6 h, then stirred overnight. The solvent was trypsin, thrombin, or tryptase using duplicates of five
evaporated from the solution, and the resulting solid was inhibitor concentrations at three different substrate concentra-
recrystallized fron 2 N HCI to yield white crystals of the  tions (30 samples/assay). Due to limited enzyme availability,
titte compound (0.41 g, 44%), mp 16204 °C. H NMR duplicates of five inhibitor concentrations for two different
(DMSO-0): 6 4.58 (s, 2H), 4.65 (s, 2H), 7.25.40 (m, 5H), substrate concentrations (20 samples) were utilized for
7.59 (d, 2H), 7.84 (d, 2H), 9.23 (bs, 2H), 9.41 (bs, 2H). Anal. granzyme A and kallikrein.K; values for all assays were
calcd for GsH17CliN,O: C, 65.10; H, 6.19 CI, 12.81; N, obtained from Dixon plotsl). K; values for some of the
10.12. Found: C, 64.98; H, 6.20; CI, 12.73; N, 10.02. derivatives tested against trypsin and tryptase have been

(4-Amidinobenzyphenylethyl Ether Hydrochlorid€g). published elsewherel®), determined from two substrate

Mp 147—-150°C. 'H NMR (DMSO-dg): 6 2.88 (t, 2H), 3.69 concentrations.
(t, 2H), 4.60 (s, 2H), 7.157.30 (m, 5H), 7.49 (d, 2H), 7.80 Enzyme Inhibition Kinetics in the Absence or Presence of
(d, 2H), 9.17 (bs, 2H), 9.37 (bs, 2H). Anal calcd fofsC Sulfate. For assays carried out at pH 7.5, trypsin was assayed
H1oCIN,O: C, 66.09; H, 6.59; CI, 12.19; N, 9.63. Found: as described above except that the buffer utilized was 0.1
C, 66.18; H, 6.61; Cl, 12.09; N, 9.56. M HEPES, 5 mM CagGl and either 0.2 M NaCl or 0.1 M

(4-Amidinobenzyphenylpropyl Ether Hydrochloridéo). N&SO,, pH 7.5. For assays at pH 6.0, the buffer was 0.1
Mp 76—78°C. H NMR (DMSO-dg): 6 1.84 (m, 2H), 2.62 M MES, 5 mM CaC}, and either 0.2 M NaCl or 0.1 M Na
(t, 2H), 3.45 (t, 2H), 4.55 (s, 2H), 7.2.90 (aromatic, 9H), SO, pH 6.0. Thrombin was assayed as described above
9.20 (bs, 2H), 9.45 (bs, 2H). Anal calcd fog82;CIN,O: except that buffer utilized was 0.1 M MES, 0.1% PEG 6000,
C, 66.99; H, 6.94 CI, 11.63; N, 9.19. Found: C, 67.05; H, and either 0.5 M NaCl or 0.3 M NaCl and 0.1 M }sO,,
6.95; ClI, 11.54; N, 9.20. pH 6.0.

(4-AmidinobenzyB-phenoxylbenzyl Ether Hydrochloride Crystallization. Bovine pancreatig-trypsin was purified
(10). Mp 109-112°C; *H NMR (DMSO-dg): 0 4.55 (s, by the method of Schroeder and Shal@)(as modified by
2H), 4.63 (s, 2H), 6.957.80 (aromatic, 13H), 9.16 (bs, 2H), Bode and Schwagerl(). Fractions of 5-trypsin were
9.40 (bs, 2H). Anal calcd for £H,:CIN,O,: C, 68.38; H, pooled, dialyzed against 5.0 mM MES, 1.0 mM Cg@ind
5.74; Cl, 9.61; N, 7.59. Found: C, 68.20; H, 5.78; Cl, 9.48; 5.0 mM benzamidine, pH 6.0, and concentrated by ultrafil-
N, 7.44. tration. Orthorhombic crystals were grown from 2Q

Bis(4-amidinophenylurea Dihydrochloride(11). A sus- hanging drops containing 15 mg/mL/-trypsin, 1.0 mM
pension of urea (0.60 g, 0.01 mol) and 4-aminobenzamidine CaCk, 2.5 mM benzamidine, 0.9 M ammonium sulfate, and
(4.16 g, 0.02 mol) in water (5 mL) was heated under reflux 5.0 mM MES, pH 6.0, equilibrated against a reservoir of
for 24 h. The condenser was removed and the solution5.0 mM MES, 1.0 mM CaG| 2.5 mM benzamidine, and
heated for an additional 24 h, after which the reaction was 1.8 M ammonium sulfate, pH 6.0. To remove benzamidine,
triturated with water (25 mL). The resulting solid was crystals were transferred to buttons for dialysis against 2.8
filtered and dissolved by heating in 150 mL of water to give M ammonium sulfate, 10 mM sodium phosphate, pH 6.5,
a clear solution that was acidified with 30 mL of concentrated and 2% DMSO. After 24 h, the buttons were transferred to
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Table 1: Crystallographic Parameters for Bovfihdrypsin Scheme 1
Complexes Vi \<NH2 1) RNCO HzN, / \(R
—————————
ACPU APPU  APPU (LT) N 2 HOIMeOH ' H N" —
2 _

resolution (A) 1.80 1.80 1.80 3) NH Cl
Rmerge 0.11 0.11 0.14 A
observed reflections 201510 191 406 105 428 ; E - 3-E:88§E§2-p -cl
unique reflections 28730 27 448 19 267 3 R = 4-NHCONHCH,Ph
% unique reflections 0.97 0.96 0.95 4R= 4-NHCONHPh-2p -OPh
unit cell constants (A) 5 R = 3-NHCONHPh

g gg-ig gg-gg gg-gg 6 R = 3-NHCONHPh-p -OPh

c 67.83 67.71 66.61
R-value 0.171 0.179 0196  Scheme 2
rms deviation of bond lengths 0.012 0.013 0.013 1) NaH HoN

from ideality (A) NC—@—CHzBr + HOR —— » + ‘>—©—CHZOR
rms deviation of bond angles 2.64 2.73 2.82 2) HCI/MeOH HzNI

from ideality (deg) 3) NH3 cl-
no. of water molecules 97 82 165 7 R=CHyPh

+ NH; NHp | 8 R=CH,CH,Ph
) ] J L 9 R = CH,CH,CH,Ph

0.6 mM of ACPU or APPU in the same solution. After Hz“*@\ JOL O)\NHz 10 R = CHPh-m -OPh
soaking for 714 days, crystals of approximate size &4 o Y o
0.4 x 0.7 mm were mounted in glass capillaries. For the . 1

LT trypsin-APPU data set, a crystal was subjected to shock
cooling by immersion of the capillary into liquid nitrogen RESULTS
before transfer to a stream of low-temperature nitrogen gas.
X-ray intensity data were collected at 293 K (RT) or 113  Synthesis Yields Nel Aryl Derivatives of Benzmidine.
K (LT) with a San Diego Multiwire Systems area detector The urea-class inhibitors were synthesized by the general
(17) and an Enraf-Nonius cryostat (Model FR558S). @uK method depicted in Scheme 1. 4-Aminobenzonitrile reacted
radiation (1.5418 A) was generated with a fine-focus Rigaku With the appropriate isocyanate to give the cyano-substituted
RU200 rotating anode operating at 100 mA and 46 kV.  phenylurea as a white solid. The cyano compounds were
Refinement of Trypsin-ACPU and Trypsin-APRRIT). converted into the amidine derivatives using a modified
The refinement was initiated with the coordinates of ben- Pinner reaction(3) that involved treatment with methanol/
zamidine-inhibited trypsini©0) with all solvent and inhibitor ~ HCI to give the imidate ester, followed by refluxing in
molecules removed. The model was subjected to simulated-2-Propanol saturated with ammonia. The ether-class inhibi-
annealing followed by positional and displacement-factor tors were synthesized by Williamson’s reaction (Scheme 2),
refinement [XPLOR version 3.116)]. A calcium ion was which involves reaction of the appropriate alkoxide with
added to the conserved calcium-binding sit®)(and the p-cyanobenzylbromide. The Pinner reaction was used to
improved model was subjected to additional cycles of convert the nitriles into amidines. The bis-amidino com-
positional and displacement-factor refinement. At this stage, Pound11 was synthesized as previously described for the
sum (3F.| — |F¢|) and difference|E,| — |Fc|) Fourier maps preparation of substituted 1,3-di(amidinophenyl)urei3. (
clearly showed inhibitor electron density in the cket. ~ Refluxing 2 equiv of 4-aminobenzamidine with 1 equiv of
A benzamidine molecule was docked into this electron ureain water gave the desired bis-amidine.
density. The remainder of the inhibitor was gradually built ~ Compounds Demonstrate Compe#ti Micromolar Inhibi-
into electron density as the refinement continued. The tion of Five Trypsin-like EnzymesThe urea and ether
inhibitor was restrained by standard lengths and angles. Anyderivatives of benzamidine described here all demonstrate
parameters not available in the standard X-PLOR version competitive inhibition kinetics with the enzymes tested. The
3.1 parameter files were obtained from CHARMmMRO). Ki values are in the micromolar range (Table 2). Overall,
Water molecules were added to corresponding sum andthe inhibitors are more effective against bovine trypsin than
difference peaks in groups of 12 or fewer per refinement against the other enzymes tested. For bovine trypsin, the
cycle. Except for doubly protonated His 57, all histidine lowest values Kis ~ 2—3 uM) were obtained with two
residues were singly protonated atN The occupancies extended aromatic compounds £0) and a bis-amidinophe-
of 012 and ring C of APPU were maintained at zero becausenyl compound {1). None of the compounds demonstrate
surrounding electron density was diffuse and poorly defined. potent inhibition of rat skin tryptaseK(s ~ 40—200 uM);
Final crystallographicR-factors and other parameters are however, urea derivatives inhibit this enzyme2fold better
listed in Table 1. than ether derivatives. The most effective inhibitor of rat
Refinement of Trypsin-APPUT). The inhibitor fromthe  skin tryptase (compouné, K; = 38 uM) was the most
RT trypsin-APPU structure was docked into LT electron effective inhibitor of human recombinant granzyme I (
density, with the occupancies of the 012 and ring C set to = 8.0 uM). The lowestK; values for the coagulation
zero. After positional and displacement-factor refinement, proteases human thrombin and human kallikrein were
water molecules from the RT structure were added in groups obtained with an ether-linked extended aromatic compound
of 30 or fewer per cycle to corresponding sum and difference (10, Ki for thrombin= 2.9 uM, K; for kallikrein = 28 uM).
electron density peaks. After all possible waters from the All other inhibitors showed only modest potené¢§~ 50—
RT structure were in place, additional waters and solvent 300 M) for these two enzymes.
molecules were added and refined in groups of 12 or less Sulfate Can Modulate Potency of Trypsin Inhibitors.
per refinement cycle. Several of the compounds introduced here demonstrate
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Table 2: Inhibition ConstantXf («M)] for Bovine Trypsin, Human Table 4: Effect of Sulfate on Inhibition Constants; [¢M)] for
Thrombin, Rat Skin Tryptase, Human Recombinant Granzyme A, Bovine Trypsin at Low pHA
and Human Plasma Kallikrein

compd contrdl sulfate Ki controf Ki,sulfate
inhibitor  trypsir®  thrombir? tryptasé granzyme Al kallikrein® B 102+ 13 74+ 11 14
1 24+09 173+24 53+15 34 62 1 66+ 12 19+ 0.7 35
2(ACPU) 16+2.8 210+8.0 64+6.9 35 189 2 (ACPU) 33+3.1 6.2+ 1.8 53
3 34+18 181+18 70+7.7 16 172 3 65+ 9.5 35+ 2.0 1.9
4(APPU) 2.9+0.1 NI NIt 20 54 4 (APPU) 27+05 13+ 2.2 2.1
5 43+ 13 254+ 36 66+ 17 22 210 5 136+ 94 124+ 31 1.1
6 16+3.0 51+19 38459 8 Np 7 48+ 4.8 34+ 12 1.4
7 9.6+£6.4 72+8.0 203+ 15 346 156 10 10+ 0.6 8.6+ 2.0 1.2
8 12+3.4 127+15 201+58 68 132 11 124+ 0.7 1.8+ 0.1 6.9
9 11+27 123+11 168+ 19 74 82
10 22409 29+1.0 193+21 108 28 aValues are averages, and uncertainties are 95% confidence limits
11 3.2+ 05 318+28 75+4.2 58 62 determined using three substrate concentratibhs0.1 M MES, 5

mM CaCb, 0.2 M NaCl, pH 6.0, and 9% DMSO.In 0.1 M MES, 5

aIn 0.1 M HEPES, 10 mM M CaGJ pH 7.5, and 9% DMSO. Values JnM CaCb, 0.1 M NaSQ, pH 6.0, and 9% DMSO.

are averages, and uncertainties are 95% confidence limits determine
using three substrate concentrations 0.1 M HEPES, 0.5 M NacCl,
0.1% PEG 6000, pH 7.5, and 9% DMSO. Values are averages, and ACPU was observed when the assay was carried out in buffer

uncertainties are 95% confidence limits determined using three substrate , . s
concentrationst In 0.1 M HEPES, pH 7.5, 10% glycerol, 10M Swith lesser quantities of sulfate (25 mM, results not shown).

heparin, and 3% DMSO. Values are averages, and uncertainties aréd€nzamidine shows only minimal reductionifvalue upon
95% confidence limits determined using three substrate concentrations.addition of sulfate at high or low pH (1.3-fold reduction at
4In 0.1 M HEPES, 10 mM CagGlpH 7.5, and 9% DMSO. Valuesare  pH 7.5, 1.4-fold reduction at pH 6.0).
ﬁﬂe"S;”g'I“%dHU?gg ;"r‘:g Z%}’Sg'\aﬂtg goqzﬂggtfr"e‘sgé%e':"m'?nizEfgir?;two Similarly, phosphate-mediatéd reduction is observed for

, .5, o . . . L L. .
substrate concentratioNo inhibition at inhibitor concentration up A_‘CPU when tested against bovine trypsin in acidic condi-
to 140xM. 9 No inhibition at inhibitor concentrations up to 3@M/. tions. TheK; value for ACPU was reduced from 38 3.1
uM (control buffer) to 8.7+ 2.7 mM (buffer+ 100 uM
Table 3: Effect of Sulfate and pH on Inhibition Constarks [ l(;lagl;lPO‘l) aémr:lzdlsr/niadcilr?lcv\?on?m?%st(pﬂ‘gé?’ ad3'?i_f?1|d
(uM)] of Benzamidine and ACPU with Bovine Trypsin _eC_ ease. benza _e as fou ou gaeducto
similar to that found with sulfate (data not shown).

Benzamidine ACPU At low pH, ACPU andl1, which are both para-substituted
buffer + NaCl, pH 7.8 77+12 14+ 1.3 urea derivatives, show significant reductiorkpi/alues upon
E”“eijNﬁfSO‘* pH 7.5 0040 Vil addition of sulfate (ACPU, 5.3 1, 6.9-fold; Table 4). Other
buffer+ NaCl, pH 6.0 1024+ 13 33+ 3.1 derivatives show only slight reduction & value. For
buffer + Na,SQ,, pH 6.C 74+ 11 6.2+ 1.8 several compounds, including benzamidine, two ether de-
Ki controf Ki sufate 14 5.3 rivatives (7 and 10), a meta-substituted urea derivatiVi, (
Eﬂggi“;@gé;{?"‘pg%u %gi é% s?.ii g:g and two para-substituted urea derivatives (APPU ayd
Kicontrof K sufate ’ 11 56 reduction ofK; value is minimal (+-2-fold). Another para-

— , .. _substituted urea derivativd)(shows an intermediate reduc-
aValues are averages, and uncertainties are 95% confidence limits’. f |
determined using three substrate concentratibhs0.1 M HEPES, 5 tlon of Kj value.

mM CaCb, 0.2 M NaCl, pH 7.5, and 9% DMSQO.n 0.1 M HEPES, For human thrombiri; values for one compound)were
5 mM CaC}, 0.1 M NaSQ,, pH 7.5, and 9% DMSC! In 0.1 M MES, determined in buffer with excess sulfate ion and control
5mM CaC}, 0.2 M NaCl, pH 6.0, and 9% DMSO.In 0.1 MMES, — pyffer. At pH 6.0, theK; values ofl were 1274 4.9 uM

5 mM CaCh, 0.1 M NaSQs, pH 6.0, and 9% DMSO.In 0.1 M MES,
5 mM CaCliz, 0.4 M N%C%p?ﬂ 60, and 9% DMSO.In 0.1 M MES, (control buffer) and 103 4.0uM (100 mM NaSQy). The

5 mM CaCb, 0.2 M NaSQ,, pH 6.0, and 9% DMSO. minimal sulfate-mediated reduction Kf value observed for
this compound (1.2-fold) was similar to that seen for
sulfate mediated, pH-dependent reductionkjofalue when benzamidine (results not shown). ACPU, APPU, and
assayed with bovine trypsin. To control for effects of ionic compoundll1 showed no inhibition of thrombin at pH 6.0
strength, compounds were assayed in constant sodiumup to their limits of solubility (140, 400, and 850M,
concentration, either sodium sulfate (100 mM) or sodium respectively).

chloride (200 mM; Table 3). The results indicate that sulfate Room-temperature X-ray structures of bovifidrypsin
ion-mediated reduction of th&; value for ACPU is pH complexes with ACPU and APPU and a low-temperature
dependent. At high pH (7.5), th€& value of ACPU is not structure of the APPU complex were determined. In each
dependent on sulfate. However, at low pH (6.0),Khealue inhibited complex, the protein is well-defined by electron
for ACPU is reduced 5.3-fold, from 33 to 6M, upon density, with the exception of Ser 146 and Ser 147 in the
addition of sulfate. Error analysis indicates that the sulfate- autolysis loop 16) and the soft main-chain residues Asn 115
mediated decrease & of ACPU at pH 6.0 is statistically and Ser 116%0). The structure of-trypsin, including the
significant. Use of three substrate concentrations for eachactive-site region, is similar in all three of the inhibitor
Ki measurement allows for calculation of confidence intervals complexes.

for each K; value (Table 3). The sulfate-ion mediated Structure of the TrypsithRACPU Complex Reeals ACPU
reduction of theK; value for ACPU is limiting at high sulfate ~ and a nearby Sulfate lon within the AwiSite. The amidino
concentration. Doubling the sulfate concentration (from 100 moiety of ACPU inserts into the ;Socket with position

to 200 mM) does not further reduce tKevalue (Table 3). (Figure 2A) and interactions very similar to those of
Minimal sulfate ion-mediated reduction of the valle of benzamidine X0). As in trypsin complexes with other
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Ficure 2: Fourier differenceR, — Fc) maps of ternary inhibitor/
sulfate/trypsin complexes. (A) ACPU and (B) and APPU at low
temperature. Before map computation the coordinates of the
inhibitor and adjacent sulfate ion were omitted. Maps are contoured
at 2.0 and are drawn with thin lines surrounding inhibitor and
thick lines surrounding sulfate ion. Bonds are grouped by width
with inhibitor = sulfate> protein. Hydrogen bonds are indicated
by dotted lines. A water molecule is denoted by an enclosed W.

amidinophenyl- and arginine-based inhibito22( 10, 23,
24), the amidino group forms two hydrogen bonds with the
carboxylate group of Asp 189 and with Gly 219 O, Ser 190

Biochemistry, Vol. 37, No. 48, 19987073

molecule and Ser 19010is via a three-centered (“bifur-
cated”) hydrogen bond. A single proton of the amidino
group is shared by lone pairs of both the water molecule
and Ser 190 .

The carbonyl bond (C8> O8) of ACPU is directed away
from the protein and into the solvent channel such that O8
does not form hydrogen bonds with the protein. Ring B lacks
van der Waals contacts with trypsin and is located ap-
proximately 3.8 A from the imidazole ring of His 57. The
chlorine substituent on ring B projects into the solvent
channel. This lack of interaction of ring B with trypsin
suggests that this class of inhibitor could be significantly
improved by appropriate chemical modification of functional
groups to achieve favorable interaction with binding sites
outside of the primary specificity pocket.

A feature unique to these structures not seen in previously
published serine protease-inhibited structures is the linkage
of the inhibitor (ACPU) to the protein via a complex network
of hydrogen bonds involving a well-ordered sulfate ion
(described below).

Two Structures of the TrypsttAPPU Complex Reeal
Conformational Heterogeneity within the Adai Site. The
amidinophenyl and urea moieties of APPU are well-defined
by electron density maps (Figure 2B). Interactions between
atoms of the amidinophenyl moiety of APPU and trypsin
are similar to those seen in the ACPtlypsin complex. In
both RT and LT structures, the inhibitor amides of APPU
are bound to protein atoms via a hydrogen-bonding network
involving a well-ordered sulfate ion, similar to that seen in
the ACPU-trypsin structure (described below). The LT
electron density maps are sharper and more detailed than
the RT maps (not shown). The positions of the phenylphe-
noxy portion (012 and rings B and C) are unresolved. At
both RT and LT, the electron density maps of this portion
of the molecule are diffuse. Ring B, whose position is
estimated from the limited electron density in the maps,
appears to be inserted into thegdcket, occupying a position
similar to that of the piperidine ring in the NAPARrypsin
complex @5). A broad range of possible positions occupied
by ring C can be estimated by possible rotations about the
C12-012 and O12C15 bonds. To avoid phase errors, the
occupancy of ring C was maintained at zero during refine-
ment and map calculations.

Modeling of ACPU and APPU into Human Thrombin
Reveals Unfaorable Contacts. ACPU fits into the active
site of thrombin with the exception of unfavorable contacts
of the chlorine atom (Figure 4). ACPU was docked into
humanao-thrombin by optimally superimposing residues of
the catalytic triad and Asp 189. The thrombin structure
employed was the complex of PPACK bound to human
o-thrombin @6). As expected, contacts of the amidinophe-
nyl and urea moieties with thrombin are virtually identical
to those with trypsin. The sulfate ion similarly shows
identical interactions with the two enzymes. The main
difference between the; $ockets of trypsin and thrombin
is the replacement of Ser 190 of trypsin with Ala 190 of
thrombin. This switch makes the thrombin pocket slightly
less polar and precludes a hydrogen bond between Ser 190
of thrombin and N1of the inhibitor. Ring B of ACPU forms
unfavorable contacts with Tyr 60A of thrombin (Figure 4).

Oy, and a buried water molecule (Figures 2 and 3, and Table Distances between atoms are in the range-2.3 A. The

5). The interaction of amidino Ndwith the buried water

unfavorable contacts of Tyr 60A with APPU are also severe
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Ficure 3: Schematic diagram of hydrogen bonding interactions in the trys@PU complex. Hydrogen bonds are numbered. Three

center hydrogen bonds are designated by lowercase letters a and b. Hydrogen atoms involved in three center hydrogen bonds are bold.

Conserved noncovalent oxyanion positionsd/Aand Bjg) are indicated.

Table 5: Hydrogen-Bonding Distances (A) and Angles (deg) in Bogifeypsin Complexes

ACPU (RT) APPU (RT) APPU (LT)

HB no. atom 1 atom 2 dist angle dist angle dist angle
1 Inh N1 Gly 2190 2.9 157 2.8 159 2.9 154
2 Inh N1 Asp 189 01 2.9 165 2.9 168 2.8 165
3 Inh N1 Asp 189 &2 2.9 172 2.8 176 2.8 172
4a Inh N1 Wat 512 O 3.0 126 2.9 133 3.0 129
4b Inh N1 Ser 190 @ 2.7 121 2.7 119 2.6 124
ba Gly 193 N S@ 03 3.1 148 3.1 147 3.2 143
5b Gly 193 N S@ 01 3.3 150 35 153 3.2 156
6a Ser 195 @ SO2 03 2.7 144 2.7 142 2.8 149
6b Ser 195 @ SO 02 3.0 145 3.2 147 3.0 142
7a His 57 N2 Ser195 @ 2.9 124 3.1 125 3.0 119
7b His 57 Ne2 SQ2 02 2.8 143 2.8 145 2.8 149
8a Inh N9 S@ 02 3.0 140 3.1 145 2.9 143
8b Inh N9 SQ@> 04 2.9 150 3.0 152 2.9 143
9a Inh N5 S@ 03 3.0 175 3.0 169 2.9 163
9b Inh N5 S@* 04 (3.5% 132 (3.4% 134 (3.5% 138

aThe hydrogen bond numbering scheme is illustrated in Figure 3. Three-centered hydrogen bonds are designated by letters a and b. Distances

are from heteroatom to heteroatom (ef/B]). Angles are from heteroatom

to hydrogen atom to heteroatom«{#JAB]). Hydrogen atom positions

were determined by geometry, with-N distances of 1.0 A, EN—H angles of 126, and H coplanar with C and N.Distance approaches

hydrogen bond length cutoff.

(not shown), consistent with poor inhibitory potency of
APPU for thrombin (Table 2).

Sulfate lons Mediate a Multiple-Centered Hydrogen-
Bonding Network within the Acté Site Trypsin is linked
to a sulfate ion that is in turn linked to ACPU or APPU

(Figures 2 and 3) by intricate networks of three-centered
hydrogen bonds. By the nomenclature of Taylor and co-
workers @7), a proton in a three-centered hydrogen bond
interacts with two acceptor atoms. Each of three-centered
hydrogen bonds described here (Table 5) is consistent with
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Ficure 4: (A) Stereo drawing of ACPU (solid lines) superimposed on PPACK (dashed lines), (B) the active site region of trypsin from the
ACPU complex (thin lines), superimposed on the active-site region of thrombin from the PPACK inhibited complex. (C) Same as panel B

with ACPU and PPACK included. All superimpositions were achieved by minimizing deviations of atoms in trypsin/thrombin residues Ser
195, Asp 102, His 57, and Asp 189 (rms deviation 0.31 A). The thromBRACK complex is PDB 1PPR26).



17076 Biochemistry, Vol. 37, No. 48, 1998 Presnell et al.

Table 6: Serine Protease Complexes with Noncovalent Oxyanions

code protein oxyanion ligand other ligadds temp of coll res (A) pH ref
ACPU bovine trypsin S ACPU RT 1.80 6.5 this paper
APPU bovine trypsin S APPU RT,—160°C 1.80 6.5 this paper
2ALP a-lytic protease S¢ RT 1.70 6.1 32
1BIT salmon typsin SEF Benzamidine RT 1.83 5.0 46
1ELA porcine elastase Gaoo Inh® RT 1.80 5.0 47
1ESA porcine elastase 30 —45°C 1.65 6.7 48
3EST porcine elastase F0 RT 1.70 6.1 49
1GBJ o-lytic protease S¢- RT 2.00 8.0 50
1TAL o-lytic protease SG —120°C 1.50 7.5 51
1TLD bovine tryspin SG- Benzamidine RT 1.60 5.3 30

aQther ligands in the active siteRefers to pH of either crystallization or soaking solutiemhibitor: trifluoroacetylt-lysyl-L-prolyl-P—
isopropylanilide 47).

the geometric criteria of Taylor and co-worke2¥). With
five hydrogen bond donors involved in a total of 10 hydrogen
bonds, the interactions of the sulfate ion deviate significantly

Table 7: Distances between Pairs of Oxyanion Ligand and
Tetrahedral Intermediate Average Oxyanion Positions

, s , —
from statistical expectations. The norm for hydrogen bond- distance (A) sum of 95% confidence limits (A)
ing is two centers. In a random set of-Ki---O hydrogen gti@:é:;‘ 8:?3 8;52
bonds, only 20% are three center@ad)( If the set is limited ALS—BTet 2.8 0.29
to intermolecular hydrogen bonds, the three-centered fre- Eu_g:gm %g 8-%‘2‘
quency falls to less than 10%. In the trypsin complexes A-¢ g™ 51 0.31

described here, the sulfate ion forms the following hydrogen
bonds with protein and inhibitor. (1) The hydrogen on N (30)] by minimizing deviations in position of atoms His 57

of Gly 193 forms three-centered hydrogen bonds to sulfate Ne2, Gly 193 N, and Gly 195 N. Serine 195yQvas not
atoms O3 (hydrogen bond 5a in Figure 3 and Table 5) andused in the superimposition because of the relatively high
O1 (hydrogen bond 5b). (2) The hydrogen om 6f Ser variation in the position of this atom among crystal structures.
195 forms three-centered hydrogen bonds to sulfate atoms Superimposition of noncovalent oxyanion trypsin com-
03 (6a) and O2 (6b). (3) The hydrogen or2\of His 57 plexes reveals that certain oxyanions occupy conserved
forms three-centered hydrogen bonds to Ser 195(Tx) positions within the active site. Two distinct groups of
and sulfate O2 (7b). (4) The hydrogen on N-9 of the oxyanion atoms could be clearly defined. Each group of 10
inhibitor forms three-center hydrogen bonds to sulfate atoms oxyanion atoms (one atom from each of the 10 coordinate
02 (8a) and 04 (8b). (5) The hydrogen on N-5 of the sets)was found to be localized within a characteristic region
inhibitor appears to form three-centered hydrogen bonds toin space separate from the other group well beyond the 95%
sulfate atoms O3 (9a) and O4 (9b). The N-5 atom is within confidence level (Table 7). The consensus sites, the average
hydrogen-bonding distance of sulfate O3 but is near our of 10 positions, are termed here positiopgand position
hydrogen bond cutoff distance (3.4 A) from O4 (Table 5). By, (Figure 5). The O2 atoms of sulfate ions in the ACPU
Therefore, the interactions of N-5 are difficult to classify and APPU complexes occupy theifsite. The O3 atoms
and may be either two-centered or weak three-centeredoccupy the By site. In sum, 10 oxyanion atoms are closely
hydrogen bonds. High proportions of multiple-center bonds sequestered around positionggArms deviation 0.56 A) and
have been observed previously in small-molecule crystal By (rms deviation 0.52 A). Additional oxyanion atoms not
structures with deficiencies of proton donors relative to belonging to groups Ay and By could not be sequestered

acceptors 9). clearly into two groups. These atoms occupy more random
Oxyanion Positions are Consed. Two of the four positions.
sulfate oxyanion atoms seen in the ACPU and APRypsin Hydrogen bonds of oxyanions in groupsgand By with

complex structures presented here occupy highly conservedactive-site atoms show highly conserved distance and
noncovalent oxyanion-binding sites. We examined the geometry (Table 8). Oxyanions in position,f form
structures of serine proteases with oxyanion ligands boundhydrogen bonds to both His 57 imide and Ser 195 hydroxyl
noncovalently in the active site available from the Protein groups. Those in position B form hydrogen bonds to Gly
Data Bank 29). Structures were screened by the following 193 N amide and Ser 195 hydroxyl groups. Hydrogen bond
criteria: (i) resolution at or below 2.0 A, (ii) reasonable geometry of oxyanions atoms (lone-pair donors) relative to
internal geometry of the ligand, (iii) reasonable occupancy protein heteroatoms (proton donors) and other atoms is
(greater than 0.5) of ligand atoms, and (iv) single occupancy reasonable (Table 8). For hydrogen bonds involving amide
of ligand atoms and residues in the active site. Using theseor imide proton donors, geometry is optimized when acceptor
criteria, eight coordinate sets of serine proteases with eitheratom, proton, donor atom, and backbone atoms line in the
a sulfate or acetate ion residing in the active site were utilized same plane. For the hydrogen bond linking His 562N
(Table 6). All coordinate sets were regarded as unique dueimides to Ay atoms, Ajg atoms lie nearly in the same plane
to differences in protease type, absence or presence ofas His 57 N2, C52, and G1 atoms in the structures
inhibitors, temperature of data collection (RT or frozen), or surveyed. For the hydrogen bond linking Gly 193 N amides
laboratory of origin. These 10 coordinate sets (ligards  to By atoms, By atoms lie nearly in the same plane Gly
nine sulfate and one acetate ion, Table 6), including the 193 N, Gx, and C atoms.

trypsin—ACPU and trypsinrFAPPU (LT) complexes, were ALg and Bjy oxyanions, along with His 57 &, Ser 195
superimposed upon a template structure [PDB code 1TLD Oy, and Gly 193 N atoms, form vertexes of a pair of triangles
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FIGURES: Active-site region of trypsin. Oxyanions are shaded in the orggfdy) > Brig > Atet > Bret (light). (A) Noncovalent oxyanions

within Ay and B g sites; (B) covalent oxyanions within theréand Bre positions; and (C) average#, Byig, Ater, and Bre; positions.

This panel is rotated 90elative to the other panels. Conserved oxyanion positions are shown relative to active-site residues of structure
1TLD (30) in all panels. Superimpositions were achieved by minimizing deviations of Hise27 Gly 193 N, and Ser 195 N from serine
protease complexes with noncovalent oxyanions (10 structures, rms deviation 0.069 A) or tetrahedral intermediate analogues (five structures,
rms deviation 0.053 A).

Table 8: Hydrogen-Bonding Distances (A) and Angles (deg) in

Noncovalent and Covalent Oxyanion Complexes with Serine o cd
Proteases gly193
Alig BLig Artet Bret o

distance o~ C|a
Ne2s7 2.9+ 0.07 b 2.8+0.16 b b RN,
Oy195 3.3+£0.12 2.7+£0.07 23£0.04 24+0.02 o |
Nyos b 281011 b 581014 e 6
Nioa b b b 3.5+ 0.17 @
N1gs b 3.9+0.17 b 3.0+ 0.09 H his57 h)

Angles A d

_ N ser C7 N

Cels7—Ne2s7 1494+ 3.2 b 137+ 5.2 b H ” Coa~ O\
CB195-Oyies 94+59  101+58 109+ 8.3 99+ 6.3 195 !
Co193—Nig3 b 123+7.2 b 113+ 6.6 o - ,
Cat194—Ni04 b b b 118+ 2.1 FIGURE 6: Schematic diagram of fy and B,y positions relative
Ca195—Nig5 b 92420 b 98+ 3.2 to active-site residues of bovine trypsin. The triangular relationships

aValues are averages of distances and angles of the superimpose(ﬁ’mton donor and acceptor atoms are shown.

coordinate sets. Uncertainties are expressed as 95% confidence Iimitstriangle, The sides of this triangle é&ﬂ—ALig, 29 A+
b Distance is greater than hydrogen bond threshold of 4.0 A.

0.07 A; Aiyg—Oy105, 3.3 A+ 0.12 A; Oy195—Ne2s7, 3.1 A
+0.13 A), average 3.1 A while the angles within the triangle

with nearly symmetric dimensions in the active sites of the (0Oy195—Ne25;—ALig, 66 £ 1.7°; [INe257—ALig—Oy195 60
superimposed structures (Figure 6). After superimposition, £ 2.4°; OAjg—Oy105—Ne2s7, 54 £ 2.7°) are all nearly 60

His 57 Ne2, Ser 195 @, and Gly 193 N atoms, along with
oxyanions Aj; and Bjy, were found to have minimal

(Table 9). Biq oxyanions form one vertex of another triangle

with other vertexes marked by Gly 193 N and Ser 195 O

deviations from a similar plane (average rms deviation 0.53 atoms. Hydrogen bonds from §oxyanions to these atoms

A). within this plane, Ay oxyanions, His 57 M2, and Ser

are of nearly equal length (d—Brg = 2.8 A 4+ 0.11 A;

195 Oy atoms mark the vertexes of a nearly equilateral Bijq—Oyi95= 2.7 A+ 0.07 A), with nearly identical angles
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these inhibitors (ACPU and APPU; Figure 1) in complexes
with trypsin. The three-dimensional structures indicate that
the inhibitors interact within the ;Socket as intended, but

Table 9: Distances (A) and Angles (deg) between Atoms in the
Active Sites of 10 Oxyanion Ligand Serine Protease Compfexes

distance angle . L T . -
fail to engage in direct and specific interactions with other
SS@?:XZZW SaEods Xzfaﬁgi:,\igs 0x24 regions of the protease active site. The lack of nen-S
AUQ,OM;5 334012 o/i%,Ngzszug 66+ 1.7 interactions is indicated in part by configurational disorder
Oy195—N1g3 484016  Or195—Brig—Nies 121471 of the extended portions of APPU (012 and rings B and C).
gi;fg;f% g:ii 8:8% gzs:Nogf_sale;i ggi gé Although the inhibitors do not engage in direct and specific

" . . __interactions outside the S1 pocket, they do form intimate
Values are averages from superimposed coordinate sets. UncertaunwIndirect contacts with the proteases. These indirect interac-
ties are 95% confidence limits. . . P . ’ .

tions are mediated by sulfate ions and are pH switchable.
Sulfate ions within the active site link protein to inhibitor in
each three-dimensional structure (Figures 2 and 3, and Table

5). The sulfate ions act as virtual functional groups of the

Table 10: Structures of Tetrahedral Intermediate AnalBgrine
Protease Complexes

PDB code protein type of adduct res(A) ref  proteases. The hydrogen-bonding network linking sulfate
1BTZ bovine trypsin boronic acid 1.80 52 ion to inhibitor and protease is comprised primarily of
1'5'353 hﬂ;?;ic”ptgft%’::é” tt;)grrgrr:ilg :&'g 11-;38 343 multiple-centered hydrogen bonds, where a single proton is

- .
3VGC chymotrypsin boronic acid 183 55 donated to two or three_ hydrogen bond acceptors. The
1MAX bovine trypsin phosponate 1.80 56  frequency of these multiple-centered hydrogen bonds be-

tween ligand and protease may indicate a mechanistic role
during peptide hydrolysis. The advantage of multiple-
centered over conventional hydrogen bonds is that each
component interaction is relatively weak, allowing for a
featureless energy surface during chemical transformation
(31). Intermediates stabilized by multiple-centered hydrogen
bonds would give lower activation energies than if disruption
of one hydrogen bond is required before formation of
another.

(ON195—Oy195—Biig = 30+ 4.1°; OBLig—N193—Oy195= 29
+ 3.2°). The angle of the vertex formed by Boxyanions
(OOy195—BLig—N193 = 121 £ 7.1°) is much larger than the
other two vertexes.

Oxyanion Positions of Tetrahedral Intermediates Differ
from Nonc@alent Oxyanion PositionsThe oxyanion posi-
tions Ay and Big, which are binding sites for noncovalent
oxyanions, are distinct from the positions of covalently linked
oxyanions of tetrahedral intermediate analogues. The dis- Two Distinct Noncealent Oxyanion-Binding Positions Are
tinction is statistically significant well beyond 95% confi- Highly Conseved across at Least Two Serine Protease
dence levels. We examined structures available from the Classes.Superimposition of serine protease structures bound
PDB of serine proteases covalently bound to tetrahedralto small mobile oxyanions has allowed us to map out
intermediate analogues. These structures were selected usinEQnCOVabm oxyanion-binding sites (positiongzAand Bjg,
criteria similar to those used for noncovalent oxyanion Figure 5). Small ligands such as sulfate and acetate have
complexes, with the additional requirement than an oxyanion translational and rotational freedom and occupy positions of
atom must be within hydrogen bonding distanse3@ A) local minimum free energy. The conservation of oxyanion
to the N atom of the amide of either residue 193, 194, or Positions within the A, and Bj, sites is revealed by
195 (residues that line the oxyanion hole). Five serine superimposition of 10 high-resolution serine protease struc-
proteases covalently linked with tetrahedral intermediate tures (eight from the PDB and two described here) containing
analogues (four boronic acid and one phosphonate) werenoncovalently bound oxyanions within their active sites
selected with these criteria (Table 10). These covalent (Table 6). In each of these 10 protease complexes, tlie A
complexes were superimposed upon the reference structur@nd Big positions are occupied by oxyanions. In the
[1TLD (30)] used for the noncovalent superimpositions and Structures dg;cribed here, the O2 atoms of the's.ulfate ions
also by minimizing deviations of atoms His 57N Gly ~ 0ccupy position Ag. The O3 atoms occupy position &

193 N, and Gly 195 N. As observed for noncovalent The positions appear to accept a variety of oxyanions, for
Comp|exe5, two groups of covalent oxyanion atoml(and example, from acetate (PDB C(?de 1ELA) Our kinetic data
Bre) are clearly defined. Each each group of five atoms Suggest that phosphate oxyanions can also occupy tge A
contains a single oxyanion atom from each tetrahedral @nd Big positions.

intermediate protease complex. The average of each group The high conservation of oxyanion positions is indicated

of oxyanions defines positionstd and Bre; (Figure 5). The
Arer and Bre positions are different from the fy and Bjq

well beyond 95% confidence limits (Table 7). Positions of shows rms deviations from average position of around 0.5
oxyanions within the fg, BLig, Ater, and Bre positions and

the catalytic and stabilizing residues of the active site of a of conserved proteasesS2—34).
reference structure [1TLD3(Q)] are visualized in Figure 5.

DISCUSSION

by small deviations from the & and Bj4 sites, which are
the average positions for each group (Figure 5). Each group

A, a value comparable to the rms deviations of @sitions
This conservation of
noncovalently bound oxyanion positions is remarkable
considering that the 10 superimposed structures are from two
different protease specificity classes.

We have synthesized a novel series of benzamidine-based The Positions of Nonealent Oxyanions Are Distinct from
aryl protease inhibitors and have determined their inhibitory the Positions of Caalent Oxyanions.Tetrahedral intermedi-
potencies for five trypsin-like proteases. In addition, we have ate oxyanions, which are covalently linked to the protease,
determined three-dimensional X-ray structures of two of occupy two highly conserved positions (positiong/Aand
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Bre). Five high-resolution structures of serine proteases in Ne2 of His 57 would cause the interaction to be energetically
complexes with tetrahedral intermediate analogues (Tableunfavorable. The shortd®s;—A g contact and the extreme
10) were superimposed on the same reference structure (PDRonservation of the distance € 0.11 A), suggests that the
code 1TLD) used for superimposition of the noncovalent Ne2 of His 57 is protonated [as isdM of the same histidine
oxyanion complexes. Two groups of covalent oxyanions are (40, 41)] in each of these noncovalent oxyanion complexes.
clearly apparent from the superimposition (Figure 5). The Indeed most of the honcovalent oxyanion protease complexes
average positions of the two covalent groups are termgd A used in this analysis were determined from crystals grown
and Bre. These covalent oxyanion positions differ from or soaked at a relatively acidic pH (Table 6), making
noncovalent oxyanion positions (4 and Big). The dif- protonation of the His 57 &2 imide in these structures
ferences are statistically significant. The pairwise distancesreasonable.
between pairs of four oxyanion positions{f Bre, ALig, Sulfate lons Link Inhibitors to Protonated Proteas&3ur
and Bjg) are greater than the sums of the 95% confidence kinetics data confirm that protonation of the protease
limits for each pair (Table 7). stabilizes the inhibitor/anion/enzyme ternary complex. A
Noncaalent Oxyanion Positions Fall outside the “Oxyan- representative urea inhibitor (ACPU) shows a pH-dependent
ion Hole”. Tetrahedral intermediates and transition states effect of sulfate orK; (H*/SO?~ effect). This H/SO?"
are thought to be stabilized by specific interactions within effect is not observed for control inhibitors such as benza-
the oxyanion hole. In fact, covalent oxyanions in position midine. In neutral conditions, neither ACPU nor benzami-
Bret Clearly do occupy the oxyanion hole and form hydrogen dine shows an effect of sulfate &f. Both inhibitors show
bonds of good geometry to protons on Gly 193 N and Ser a nominal -2-fold reduction ofK; upon addition of sulfate.
195 N and interact more weakly with Asp 194 N (Table 8). However, in mildly acidic conditions, ACPU and benzami-
The B g position is close to the oxyanion hole and is within  dine differ. ACPU, but not benzamidine, shows a substantial
hydrogen-bonding distance of the N atom of Gly 193. (5-fold) decrease inK; upon addition of sulfate. The
However, the By position is too far from the center of the differences between ACPU and benzamidine indicate that
hole to form hydrogen bonds to either Ser 195 N or Asp constituents of ACPU beyond the amidinophenyl moiety are
194 N atoms. These two oxyanion positiongi¢{Bnd Brey) required for the Fi/SO.?~ effect. The effect is not specific
differ in position by less tha 1 A (0.79 A). Yet, this for sulfate. Our kinetics data indicate that other oxyanions
difference in position between B and By results in such as phosphate can substitute for sulfate ion in the ternary
significant differences in the interactions of noncovalent and inhibitor/oxyanion/protease complex.
covalent oxyanions with the protease. As shown in Table This kinetics data, along with the three-dimensional
8, noncovalent oxyanions engage in fewer stabilizing hy- structures of ternary inhibitor/sulfate/protease complexes and
drogen-bonding interactions than covalent oxyanions. a previous observation that th&pof His 57 increases upon
Why do noncovalent oxyanions not enter the oxyanion binding of noncovalent oxyanionsi{lytic protease 42)],
hole? The oxyanion hole is simply too small to allow entry. support the following mechanism for the effect of
Examination of the geometry of the oxyanion hole reveals H*/SO?~ onK;. Protonation of the A2 of His 57 unmasks
that entry even by a water molecule or a hydronium ion is the Ajy position allowing an oxyanion such as sulfate or
prohibited by unfavorable steric contacts with at least one phosphate to bind to the trypsin active site. Oxyanions
atom lining the hole (atoms of resides Gly 193, Asp 194, occupy the Ay and Bj, positions, and are stabilized by
and Ser 195). This steric repulsion hypothesis is supportedhydrogen bonds to protons on His 522\ Ser 195 @, and
by the vacancy of the oxyanion hole throughout a series of Gly 193 N and by electrostatic interactions with the His 57
serine proteases that are not bound by covalent tetrahedratation. The protease; ocket plus oxyanion combine to
intermediate analogues [solved to better than 2.0 A resolu-form a conjugated binding site, composed of direct and
tion; PDB codes 3PTB1(), 1DPO @5), 4CHA (36), 5CHA virtual functional groups. Inhibitors such as ACPU, with
(37), 1ST3 B8), 1ELT (39)]. Neither water (concentration  appropriate hydrogen bond donors, can bind to aspartate and
55 M) nor hydronium ion (up to 1 mM) enters the oxyanion sulfate in this conjugated binding site. Hence, phetonated
holes of these proteases. ACPU—trypsin complex gains stability by recruiting a sulfate
How do covalently bound oxyanions gain entry into the ion, which ligates enzyme and inhibitor together via elec-
oxyanion hole? Upon formation of a tetrahedral intermediate trostatics and a complex network of multiple-centered
and entry into the oxyanion hole, a short repulsive contact hydrogen bonds.
is established between the oxyanion and thedDSer 195 The Chemical Composition of Benzamidine-Based Inhibi-
(BrerOpyiss 2.4 A £ 0.02 A, Table 8). The unfavorable tors Modulates the HSQ?  Effect. The effect of
free energy of this short contact is compensated predomi-H*/SQ,?~ on benzamidine-based derivatives described here
nantly by the favorable free energy of covalent bond is modulated by (i) the composition of the linker, (i) the
formation, allowing entry. In the absence of a covalent bond, position of the linker on ring A with respect to the amidino
the repulsive interaction dominates, blocking entry. In sum, group, and (iii) the hydrogen-bonding functionalities and
a “thermodynamic gate” controls access to the oxyanion hole. electronic structure of the linker. To determine which
Catalytic Residue His 57 Is Doubly Protonateth the structural constituents of an inhibitor contribute the/$0,-
complexes analyzed here, the van der Waals surfaces of~ effect, we examined the effects of sulfateis of a series
oxyanions in the Ay position penetrate the surfaces of the of related inhibitors under acidic conditions (Table 4). The
nitrogen atoms of the & of His 57 (Ne25;—A i distance ether derivatives, which cannot form hydrogen bonds with
is 2.9 A+ 0.07 A; Table 8). These close contacts would proton acceptors, show notKsQ2~ effect. By contrast,
be favorable and likely to occur with high frequency only if selected urea derivatives, which are proton donors, show
the Ne2 of His 57 were protonated. Deprotonation of the significant H/SO?~ effect. Comparison of the series of urea
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inhibitors reveals that position of the urea group is important in other serine proteases. It is conceivable that an inhibitor
for the H'/SO?~ effect. Substitution of the urea group para covalently incorporating oxyanions for interaction with the
to the amidino group on ring A appears to appropriately Aig and Biy positions could bind tightly and induce
position the hydrogen bond donors adjacent to sulfate protonation at physiological pHIR), shutting down catalysis.
oxyanions. For example, inhibitodssand5 differ only by Inhibitors Demonstrate Competit, Micromolar Inhibi-
para (inhibitorl) versus meta (inhibitob) substitution of tion of Five Trypsin-like EnzymesFor substituted benza-
ring A with the phenyl-urea group. Compouddshows a midine inhibitors, bovine trypsifs have previously been
significant H/SO,?~ effect while inhibitor5 shows nominal  shown to correlate with molecular weight and extent of
effect. In addition, the /SO~ effect increases with the  hydrophobic interactiord@). We observe, for example, that
electron-withdrawing nature of substituents attached to the trypsin K; is decreased by (i) extending compouhdy
urea linker distal to the amidinophenyl moiety. For example, adding a phenoxy group to form APPU, (i) replacing the
comparison of inhibitord and3 indicates that insertion of  chlorine substitutent of ACPU with a phenoxy group to form
a methylene bridge between the phenyl substituent and ureaAPPU, and (iii) adding a phenoxy group to compotitb
linker lessens the HSO?~ effect. A methylene group  form compound. K;values for the aryl inhibitors decrease
would insulate the urea group from the electron-withdrawing with increasing hydrophobic interaction with trypsin surface
nature of the phenyl substituent. Electron-withdrawing residues.
groups on the urea linker should enhance théS,*~ effect No significant H/SO,2~ effect is observed for compound
by increasing the acidity of the urea amide protons, thereby 3 with thrombin, which shows a significantHSO;?~ effect
strengthening hydrogen bonds with sulfate oxyanions. Com-jith bovine trypsin (Table 4). For human thrombin, the urea
paring inhibitorsl and ACPU indicates that adding a chlorine - derjvatives with substituents para to the amidino group show
atom to the phenyl group on the urea linker increases theweak potency Kis ~ 175-300 uM). The kinetics and
H*/SO?~ effect. Adding an amidino group (inhibitdil) modeling data both suggest that patstituted compounds
in this position increases the effect further. Chlorine would ith urea linkers engage in unfavorable contacts with
increase the electron-withdrawing nature of the phenyl group residues of the insertion loop in thrombin (Figure 4). Adding
primarily through an inductive effect. The amidino group sypstituents of increasing size meta to the amidino group
would accomplish the same via resonance. Conversely,decreases th for thrombin significantly, however. Adding
adding a phenoxy group to the phenyl substituent at this sameg phenoxy group para to the urea linkage on ring B of
position lessens the effect (inhibitd), consistent with the compounds (ring B substituted meta to the amidino group
electron-releasing nature of the phenoxy group. on ring A) to form compoun® decreases thi§;. Substitut-
Cations and Anions Can Mediate Interaction of Inhibitors ing a phenoxy group on ring B meta to the ether linkage of
with Proteases.Cation mediation of potency of competitive  compound9 to form compoundlLO decreases thi; even
inhibitors of serine proteases has been reporidjl (The more significantly. CompountiOis the most potent inhibitor
Ki values forafamily of benzamidine-based inhibitors were for human thrombin in the series, with a potency ap-
determined for a variety of enzymes with assays performed proximately 75-fold greater than benzamidig£ 235uM,
in the presence or absence of divalent zinc ion. In addition, ref 5). The extended aryl moieties of compouffl may
for one of the compounds [keto-BABIM, which is bis(5- interact with some of the more hydrophobic binding sites
amidino-2-benzimidazolyl)methane ketone], the three-di- (aryl, S2) of human thrombin3@).
mensional structure of a ternary inhibitor/cation/trypsin |5 3 molecular model of granzyme A4), an aspartic acid
complex grown under basic conditions shows an architectureegique at the bottom of the; Pocket is consistent with a
similar to that described here. The zinc cation there appearspreference for arginine and lysine at the substraeoBition
to be in nearly the same location within the trypsin active (45). A notable difference in the active sites of trypsin and
site as the sulfate anion here. The zinc cation is tetrahedrallygranzyme A is the change in residue 99 from Leu in trypsin
coordinated by @ of Ser 195 andinprotonatedNe2 of His 15 | ys in granzyme A. In trypsin, Leu 99 is located at the
57, and twaunprotonatedmides in the keto-BABIM linker. base of the shallow.ocket. In the granzyme A model,
In contrast, in acid conditions, sulfate oxyanions form | ys 99 essentially fills the Spocket. These differences in
hydrogen bonds to twgrotonated imides of BABIM, residue 99 are consistent with the observed preference of
protons on His 57 &2, Ser 195 @, and Gly 193 N, and  Granzyme A for meta-substituted urea derivatives (inhibitors
two water moleculesl(l). These interactions are similarto g and6) over para-substituted urea derivatives. The meta-
those described here for ACPU, etc. The 6-fold improvement g hstituted derivatives may have lowkr values due to
of BABIM potency for trypsin in acidic conditions and in  jmproved contacts with residues of the @cket. Unlike
the presence of sulfate is also consistent yvith our re_sults. granzyme A, but like trypsin, meta- and para-substituted urea
Incorporating a sulfonyl or other oxyanionic functional  gerivatives inhibit rat skin tryptase equally well (Table 2),
group onto an inhibitor, to target conserved noncovalent suggesting that the S2 pocket of rat skin tryptase is more

oxyanion binding sites (the fy and By positions), could  |ike that of bovine trypsin than of human granzyme A.
increase their affinity for serine proteases. The utility of

sulfate ion for improving potency of protease inhibitors ina ACKNOWLEDGMENT

physiological setting is doubtful, as the effect of sulfate ion . )
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