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Chart 1. Chemical Drawing of Aeruginosin 98-A and -B
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Proteolytic reactions control many biological processes, and ylated arginine. Since the carboxy group of arginine forms the

the discovery of new proteolysis inhibitors forms an important
field of chemistry. The serine protease thrombin, for example,
initiates blood clot formation by cleaving fibrinogen to release
fibrin.* The thrombin inhibitor hirudin, a 65-residue polypeptide
produced by the medical leettirudo medicinalis demonstrated
antithrombotic efficacy in several clinical trials and stimulated
efforts to discover lower molecular weight inhibitdrsStructural

scissile peptide bond, aeruginosin 98-B lacks the structural
features that figure so prominently in the well-characterized
inhibitors. The atomic resolution structure of the trypsin
aeruginosin 98-B complex has established aeruginosin 98-B’s
complete absolute stereostructure along with the mechanism of
inhibition.

Single crystals of the complex grow by the hanging-drop vapor-

analyses of serine proteases complexed with hirudin and otherdiffusion method (10 mg/mL trypsin complex in 100 mM pH

large (30-190 residue) natural protease inhibitors have clarified
the “standard mechanism” of inhibition wherein a reactive center

6.1 phosphate buffer against 20% PEG-4000 and 10% 2-propanol
in 100 mM pH 8.5 HEPES buffer) in space groBf, with a =

corresponding to the scissile peptide bond is presented by anb = 48.30 andc = 145.2 A. Diffraction data, which were

exposed loop and acts as an ideal substra®tructural analyses
of much smaller (47 residue) naturally occurring inhibitors have
also clarified their inhibitory mechanisms. Both the sponge

measured on a flash frozen crystal (050.2 x 0.2 mn?) at
CHESS, were reducédto yield 8944 reflections at 2.2 A
resolution (92% complete, merge= 6.3%). The structure was

metabolite cyclotheonamide and the blue-green algal metabolitesolved using molecular replaceméntThe final modet-1629

A90720A, macrocyclic peptides with nonprotein amino acid

trypsin atoms, 45 ligand atoms, and 212 wateefined to anR

residues, complexed with serine proteases have been analyzee: 16.4% (freeR = 23.7% both measured with 2@data) and

by single-crystal X-ray diffractiod.® Both cyclotheonamide and
A90720A form tight-binding inhibitors in which the macrocyclic

constraint and the nonprotein structural elements feature promi-

nently. Cyclotheonamide inhibits through formation of a covalent
bond® Swhile A90720A inhibits by the standard mechani&ithe
recent discoveryof the serine protease inhibitor aeruginosin 98-B
(1), an inhibitor lacking the molecular features needed to form a

rms deviations from ideality for bond lengths, bond angles, and
torsional angles of 0.011 A, 1.70and 25.7 respectively©
Bound aeruginosin 98-B was clearly defined by strong continuous
electron density (Figure 1), and thermal parameters (6 3R
ligand and 6.39 A for active site residues) suggested full
occupancy.

Many of aeruginosin 98-B’s interactions with trypsin employ

covalent or standard mechanism inhibitor, prompted the detailed nonpeptidic elements to form familiar serine protease interac-

structural analysis of its trypsin complex that forms the basis of
this report.

Murakami and co-workers discovered aeruginosin 98RA(
Cl) and 98-B R = H) (Chart 1) from the blue-green alga
Microcystis aeruginosausing a protease inhibition screén.
Aeruginosin 98-A and -B are equipotent inhibitors of thrombin,
plasmin, and trypsin with Igs of 15, 10, and 0.9uM,
respectively. While aeruginosin 98-B has a peptide-like structure,
it contains no standardamino acids. The N-terminus is modified
with 3-(4-hydroxyphenyl)lactic acid (Hpla), and the stereochem-
istry of the 2-hydroxy group was not established in the original
work.” The next residue is-alloisoleucine g-allolle), which is
followed by 2-carboxy-6-hydroxyoctahydroindole sulfate (Choi
sulfate). The relative configuration of all stereocenters in Choi
sulfate were assigned by NMR, but the absolute configuration
was not established.The last residue is agmatine or decarbox-

tions: a guanidinium in the primary specificity pocket, two
antiparallel 8-strand hydrogen bonds to Gly216, and a hydro-
phobic residue in the Trp215 “aryl-binding site” (Figure 2). The
guanidinium of agmatine is buried deeply in trypsin’s primary
or S1 specificity pocket and forms two close contacts with the
Asp189 side chain carboxylate (2.65 and 2.96 A). The guani-
dinium interacts with a water that is also tightly bound to the
side chain of GIn192 and the carbonyl oxygens of Gly216 and
Gly219 (Figure 2). The antiparalleb-strand binding that
characterizes serine protease recognition motifs involves the
carbonyl oxygen ob-allolle and the amide NH of Gly216 and
the amide NH ofb-allolle with the carbonyl of Gly216. This
series of hydrogen bonds is continued by the hydroxyl of Hpla
and the amide NH of Gly219p-allolle participates in a van der
Waals interaction with Trp215 and Leu99, and if the residue were
anL-lle or L-allolle, the side chain would collide with Choi sulfate.
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Figure 1. A stereoview of the difference [B,| — |F¢|) electron density map of the complex. The map is contoured at,1abd the final model of
aeruginosin 98-B is shown in bold lines.
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Figure 2. A stereoview of aeruginosin 98-B bound to trypsin. Aeruginosin bonds are filled, trypsin bonds are unfilled, and possible hydrogen bonds
are dotted lines. Selected active site residues are indicated.

Thep-allolle has an unusual eclipsed conformation about thie C ~ binding. The sulfate moiety of Choi sulfate interacts with surface
Cj bond, but this conformation, which avoids contact with a water molecules.
neighboring trypsin, is likely a crystal packing effect. The sulfate ~ The most conspicuous absences in the inventory of aeruginosin
moiety projects into solvent, but in the corresponding thrombin 98-B’s interactions with trypsin are Ser195, His57, and Aspih2
complex it would be in a hydrophobic pocket formed by Tyr60A catalytic triad of serine peptidases. Aeruginosin 98-B binds
and Trp60D. The sulfate group may be a primary determinant exclusively to specificity and recognition elements in an unprec-
of aeruginosin 98-B’s marked preference for trypsin. edented fashion for a natural product. The nucleophilic oxygen
Aeruginosin 98-B also interacts with trypsin in unconventional ©0f Serl95 makes no close contacts with any atom of aeruginosin

ways. At the very end of bound aeruginosin 98-B, there is a 98-B (Figure 2). Aeruginosin 98-B's inhibitory mode most
water-mediated interaction among the phenolic hydroxyl of Hpla, closely resembles that ofPhe-Pro-agmating. The current study

the amide NH of Cys220, and the carbonyl oxygen of Ser146 illustrates the ability of structural studies on proteligand
(Figure 2). The water binding these three residues together iscomplexes to. elucidate. the §te(eophemical and conformatipnal
seen as a tightly bound water in the structure of unliganded details of the ligand, clarifying its inhibitory mode, and suggesting
trypsin?! suggesting that aeruginosin 98-B exploits this water to new inhibitory motifs.
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