Atomic structure of the trypsin-A90720A complex:
a unified approach to structure and function
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Background: A90720A is a potent serine proteinase
inhibitor produced by the terrestrial blue—green alga
Microchaete loktakensis. Most of its structure has been
defined by spectroscopic and degradative studies, but the
configurations of several stereochemical centers are
unknown, and its mode of inhibition of serine proteinases
is not understood. We therefore examined the structure of
the compound in a complex with trypsin.

Results: We have crystallized the bovine trypsin-
A90720A complex and determined its three-dimensional
structure at 1.90 A resolution using single crysta] X-ray

diffraction. The structure of the bound inhibitor is clearly
shown in the electron density. The structure defines the
absolute stereostructure of A90720A, establishes its bound
conformation and illuminates its mode of inhibition.
Conclusions: A90720A interacts with trypsin in a
substrate-like manner through an extensive series of
hydrogen bonds, hydrophobic interactions and steric
complementarity. The compound uses a mixture of
peptidal and nonpeptidal elements to imitate the
canonical conformation of the exposed binding loop of
'small' proteinase inhibitors.
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Introduction

Proteolysis constitutes a major theme in biology; under-
standing and controlling proteolysis thus forms an
important goal for chemistry. The search for serine
proteinase inhibitors, especially low molecular weight
thrombin inhibitors that could become therapeutic agents
for stroke and coronary artery occlusion [1], has been par-
ticularly intense [2—4]. Natural products often suggest new
molecular motifs; in an effort to find novel biologically
active materials, a collaborative program at Eli Lilly and the
University of Hawaii has screened blue—green algal
metabolites [5]. The terrestrial blue—green alga, Microchaete
loktakensis, produces a cyclic depsipeptide, A90720A
(Fig. 1), with potent inhibitory properties for serine pro-
teinases (IC;, = 275 nM for bovine thrombin, 10 nM for
bovine trypsin, and 30 nM for human plasmin). Although
spectroscopic techniques were sufficient to reveal the
planar structure of A90720A [6], it was not possible to
determine the configuration of several stereochemical
centers or the conformation of the molecule, and its
mechanism of inhibition of serine proteinases remained

unknown. In an effort to address all of these unresolved-

issues at once, we used X-ray crystallographic methods to
determine a high resolution (1.9 A) three-dimensional
structure of A90720A bound to bovine trypsin.

A90720A has a 19-membered depsipeptide ring and a
side chain terminating in a sulfated glyceric acid. The
3-amino-6-hydroxy-2-piperidone (Ahp) unit, which can
be thought of as a glutamate in which the side chain
carboxyl has been reduced to an aldehyde and the

aldehyde cyclized with the n+1 amide to form a cyclic
hemiaminol, is arguably its most interesting structural
feature. Ahp was first described as a constituent of
dolastatin-13 {7], a cytostatic agent from the sea hare
Dolabella auricularia, and has recently been found in
several metabolites of blue—green algae, namely the
aeruginopeptins [8], cyanopeptolins [9], microcystilide A
{10}, and the micropeptins [11}, all of which were isolated
from Microcystis species. Although Microchaete loktakensis is
taxonomically quite distinct from Microcystis, A90720A
bears a close structural relationship to the Microcystis-
derived metabolites. Most Ahp-containing metabolites
have been discovered in antibacterial or anticancer-based
assays, but the micropeptins {11] selectively inhibit
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Fig. 1. Structure of A90720A.
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trypsin and plasmin but not other serine proteinases.
Thus, an understanding of how A90720A functions could
lead to more general insights for other Ahp-containing
depsipeptides.

Results and discussion

Conformation and interactions of A90720A

The structure of A90720A is clearly revealed by the
continuous electron density (2] F,|—|F.|) in the final
X-ray model illustrated in Fig. 2. The bottom half of the
molecule is deeply buried in the catalytic pocket, whereas
the upper half, from tyrosine to the glyceric sulfate, is at
least partially exposed to solvent. The 19-membered ring
is elliptical, and this shape seems to be determined by two
hydrogen bonds involving Ahp, one between the lactone

Fig. 2. Stereo view the electron

density (2IF | - IF | 1in the active
site of the complex. F.1 1 the catalytic
triad of trypsin, Ser1¢: i His57, and
the Ahp and argini residues of

e the absence
nsity between
The plot was

A90270A are shown. *
of continuous electron
protein and inhibitor
made using CHAIN [23

carbonyl and the Ahp NH (2.81 A), a d the other
between the ring hydroxy of Ahp and tl : valine NH
(3.05 A) (Fig. 3; see also Fig. 1).

The inhibitor employs several strategies t ensure tight
binding in the catalytic pocket. The inhibit: % side chain,
the portion of A90720A running from the ; lyceric sulfate
to the amide NH of arginine, uses five hydr igen bonds to
interact with the protein (Fig. 4a). The side chain is held
so that its bottom half (Fig. 4b) is held agaii it the protein
surface and its top half is exposed to solver . The protein
contacts are: Ser217 OYH to sulfate oxy en (2.86 A),
Gly219 NH to the glyceric free hydrc iyl (2.79 A),
Gly216 O to p-Leu NH (2.90 A), Gly 216 NH to
D-Leu O (3.04 A), and Ser214 O to L-Arg NH (3.12 A)
(Fig. 4a). In the other Ahp-containing met bolites, all of

Fig. 3. Stereo view of thi bound confor-
mation of A90720A. Bc 1 the hydroxyl
OH and amide NH of t 1e Ahp residue
make transannular hy Irogen bonds.
Imaging software descrik :d in [24].
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Fi; 4. Hydrogen-bonding interactions
be ween AS0720A and trypsin. (a) The
hy ‘rogen-bonding interactions between
A1720A’s side chain (top) and bovine
trypsin  (bottom). (b) The hydrogen-
bonding interactions of A90720A’s
ar.,inine side chain with residues in the
spcificity pocket of trypsin. (c) The
cazalytic site of trypsin occupied by
AS0720A. Note that the Ser195 hydroxyl
is hydrogen bonded to His57 and that
the carbonyl oxygen of the A90720A’s
arginine residue is hydrogen bonded to
the main chain NHs of Gly193 and
Asp194. (d) A hydrophobic pocket of
bevine trypsin occupied by the leucine
and N-methyl-tyrosine of A90720A.

the amino acids are L, the D-leucine in this region of
A90720A is the sole exception. If this residue were
L-leucine, and if the hydrogen-bonding scheme were
preserved, the hydrophobic side chain would project into
solvent (Fig. 4a). This series of hydrogen bonds resembles
the hydrogen bonds formed between serine proteinases
and their substrates or their 'small' protein inhibitors
[12—14]. In the case of A90720A, however, the sulfate
residue adds two hydrogen bonds to this interaction —
a strategy unavailable to a substance that is solely
constructed of standard amino acid residues.

The arginine of A90720A occupies trypsin’s deep, narrow
specificity pocket, making full use of the hydrogen-bonding
capabilities of the guanidinium (Fig. 4b). The guanidinium
has two hydrogen bonds with Asp189 at the bottom of the
pocket (2.75 and 2.87 A), and forms hydrogen bonds to the
hydroxy side chain of Ser190 (2.62 A), the carbonyl oxygen
of Gly219 (2.99 A), and water-mediated hydrogen bonds to
Gly216 and Gly219 (Fig. 4b).

If A90720A were a trypsin substrate, the arginine
carbonyl would be attacked by the nucleophilic hydroxyl

of the side chain of Ser 195, which is rendered more-

nucleophilic by losing a proton to His57 (Fig. 4c). The
side-chain hydroxyl is hydrogen bonded to His57 (2.69 A),
but is 2.77 A away from the arginine carbonyl carbon; the
electron density between the two atomic centers shows a
pronounced discontinuity (Fig. 2). The arginine carbonyl
oxygen is hydrogen bonded to the amide NHs of both
Ser195 and Gly193 in the oxyanion hole (Fig. 4c).

Finally, the hydrophobic region of the inhibitor, defined
by the N-methyl-tyrosine and its adjacent leucine
(Fig. 4d), provides further binding interactions. The

leucine sits in the center of an aromatic binding pocket,
leading to the prediction that replacing this residue with
an aromatic one would generate an even more potent
trypsin inhibitor. The other residues in the aromatic
pocket are Tyr39,Tyr151 and the N-methyl-tyrosine of
A90720A.There is a strong hydrogen bond between the
phenolic hydroxyls of Tyr151 and 1 (2.77 A) (Fig. 4d).

Mechanism of inhibition

It is instructive to compare A90720A with another cyclic
peptide-based  serine proteinase inhibitor, cyclo-
theonamide A [15-17]. Cyclotheonamide A inhibits by
forming a covalent complex; A90720A forms a noncovalent
substrate-like complex. A90720A inhibits by two comple-
mentary strategies: stabilizing a substrate-like complex and
preventing dissociation. All of the inter-actions mentioned
above — the hydrogen bonds to the side chain, the arginine
in the specificity pocket, and the hydrophobic binding
pocket for Leu and N-methyl-tyrosine — stabilize the inter-
action of A90720A with trypsin. This exquisite complemen-
tarity of the enzyme—inhibitor interaction leads to a deep
energy minimum for the complex, and a correspondingly
high activation barrier in the free-energy profile for hydroly-
sis [12,14,18]. But even if the transition state for proteolysis
were reachable, the overall hydrolysis reaction is unlikely to
proceed because the amine leaving group is held in place by
the cyclic nature of the depsipeptide, reinforced by the two
Ahp hydrogen bonds. In this sense A90720A is most like the
so-called 'small' protein inhibitors of serine proteinases.
These inhibitors are proteins of 29 to 180 residues that have
a hydrophobic core and an exposed binding loop held in the
‘canonical’ binding conformation [12-14,18]. The Ahp
residue thus has an essential role in binding; its transannular
hydrogen bonds both determine the binding conformation
of the inhibitor and prevent its dissociation.
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Significance

Cells degrade proteins for many reasons: to remove
unwanted proteins, to catabolize proteins for
energy, to prepare peptide antigens, to degrade
regulatory peptides, and to regulate the activity of
enzymes. The activity of proteinases must be
controlled, and proteinase inhibitors are essential
for the normal function of the body. Regulation
of proteinases is an important therapeutic
approach to a variety of diseases, and serine pro-
teinases have become particularly important as
therapeutic targets. For example, an inhibitor of
human leukocyte elastase, which normally
degrades cellular debris in the lungs, could be
useful in treating emphysema. Thrombin, a
trypsin-like serine proteinase, converts fibrinogen
to fibrin; thus, thrombin inhibitors could be useful
antithrombotic drugs for heart attack and strokes.
Finding the ideal proteinase inhibitor has not
proved easy. Endogenous proteinase inhibitors are
relatively large proteins with excellent specificity
and potency, but they are metabolically unstable
and potentially immunogenic. Small molecule pro-
teinase inhibitors rarely exhibit the desired selec-
tivity. Screening natural products is an effective
way to discover small, yet specific, inhibitors with
novel structures, which may act as leads for drug
development, as well as providing insight into the
mechanisms of proteinase inhibition. A90702A was
found in a screen for novel thrombin inhibitors.
Here we have determined the high-resolution
structure of A90702A bound to trypsin. This
structure has allowed us to determine the absolute
stereochemistry of several parts of the molecule,
and to show that this inhibitor binds tightly to
trypsin in a substrate-like manner. The method
that it uses to inhibit proteinase activity is similar
to that of the 'small' proteinase inhibitors (which
are 5-20 times larger than A90702A). Hydrogen
bonds involving Ahp, an amino acid not found
in proteins, cause A90702A to take up a conforma-
tion that is appropriate for binding; the 'small'
proteinase inhibitors have a similar loop, but use a
large protein core to dictate its conformation.

The determination of the structure of a natural
product is normally performed in isolation, sepa-
rately from studies intended to determine how the
molecule has its effect. In the past, important
advances in natural products chemistry have
resulted from new strategies that allow the combi-
nation of previously separated analytical steps.
For example, until quite recently, a natural
products chemist would isolate compounds from a
selected organism and submit pure compounds for
biological testing; today, virtually all laboratories
use bioassays to guide their purification strategy,
combining the isolation step with that of biologi-
cal testing. Here we have combined the step of

 volumes of trypsin—A90720A solution anl

structure determination with an expe . it that
has revealed how the molecule operat 1 lio-
logical context. As is often the case in ::i: e, this
initial study resulted from serendipity #1111 esper-
ation. But with the profusion of rec::t. - and
enzyme-based assays to guide the iso:¢ on of
natural products, the stage is set for 1:t. more

such studies.

Materials and methods

Crystallization of the complex

Lyophilized bovine trypsin (Sigma, lot 62} 1) 13) was
dissolved in 50.0 mM Tris, pH 8.00 buffer to a « o entra-
tion of approximately 12 mg ml! and .11 ub:ted
overnight at 4 °C with a 10-fold molar e: ess of
A90720A in methanol. Droplets (10 ) conta ;u: ; equal
© ier'oir
solution (1.6 M ammonium sulfate, 0.1;v. »ndium
chloride, 0.1 M HEPES buffer, pH 7.5) were ccur ibrited
against reservoir solution using the hanging dro» 1 etl od.
Single crystals appeared within two days and grevr o taeir

maximum size of 0.3 x 0.3 x 0.3 mm in a wee«  ry:tals
belong to space group P2,2,2, with a = 63.6€,6  6:.53
and ¢ = 69.20 A and contain one trypsin-#' )7:0A
complex in the asymmetric unit with a solvent =o' rent of

approximately 60 % [19].

Data collection

Because of instability, crystals were mountzd n sili-
conized glass capillaries directly from the drop. :X - 1y clata
were collected on a SDMS Mark II area detector ¢ »upled
to an Rigaku RU2000 rotating Cu-ancde X-ray
generator. The intensity data were pro:e:i:d by
SCALEPACK [20] resulting in an Ry, of 5.1 % for
21,586 unique reflections (94 % completeness)

Solution and refinement

The structure was isomorphous with a »r: iously
reported bovine B-trypsin structure (PDB enry T1.D)
and this model, stripped of solvent molecule: ar | with
uniform thermal and occupancy parameters, wis 1 ed for
the initial X-PLOR refinement [21]. Initially -igi = body
refinement lowered the R-factor to 30.1‘% f r the
10-2.8 A resolution data with |E,| > 20. Sin alaved
annealing with slow cooling [22] and conjugate 3 idient
positional refinement was used with 8.0-2.4 & 7 5 data
reduced the R-factor to 22.4 %.The 2|Fg|--|F | and
{F,|=|F_| mapsat 2.4 A were used manually to adjust
the model using the CHAIN [23] graphics pr¢ gram.
A90720A was modeled into the |F,|—|F.| mz . The
data were gradually extended to 1.9 A resolutin. with
periodic manual refitting between refinement cv: es. At
the later stages of refinement, water moleculs: were
added to fit 30 electron density in the |F,|— F. map.
Restrained, individual temperature values were 1 fined
for each residue. Average B-values were 11.8, 12.4, and
31.5 A2 for trypsin, A907204, and solvent, respecively.
Refinement used the X-PLOR slow-cooling simn ilated
annealing [22] and least-squares energy refin ‘ment
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t chiique. The final model contains the protein,
£90720A, 168 water molecules, and a calcium ion.The
fi 1al model has an R-factor of 16.2 % for all 26 data in
t ¢ 8.0-1.9 A resolution range and root-mean-square
d:viations from ideality for bond lengths and bond angles
¢0.01 A and 2.2°, respectively. Coordinates have been
d :posited with the Brookhaven Protein Data Bank.
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