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The Regulation of Protease Action
Hans Neurath, University of Washington, Seattie, WA 98195

Research on proteases and their regulation has a long and distinguished
history that goes back to the crystallization of pancreatic proteases and
protease inhibitors by Northrop, Kunitz and Herriott (1939) who
demonstrated that these proteins obey the thermodynamic criteria of
constant solubility and hence are chemically pure entities. The seeds to a
molecular description of protease regulation were sown by Linderstrom-
Lang and Ottesen's perspicacious observation that the conversion of
ovalvumin to plakalbumin was a process of limited proteolysis catalyzed
by a microbial enzyme, subtilisin (1947). The first quantitative
description of the primary events of zymogen activation, i.e. the cleavage
of a specific peptide bond and the elucidation of the chemical structure of
the activation peptide of trypsinogen and chymotrypsinogen, respectively,
by Desnuelie et al. and by Neurath and Davie (1955) had to await Sanger's
method of protein sequence analysis. The elucidation of the structural and
mechanistic consequences of this primary chemical event has depended on
the determination of the x-ray structure of these proteases and their
zymogens. As in other areas of protein science, research on proteolytic
regulation was driven by advances in methodology and instrumentation.
The more recent advances are the results of the application of the most
advanced techniques of protein chemistry and molecular biology which
have confirmed as well as revised some of the earlier views. Having had
the good fortune of witnessing and contributing to some of these
developments, | shall discuss in a historical perspective the current
status of the field, with particular emphasis on the topics of the present
conference.

The two principal methods of protease regulation are zymogen activation
and protease-inhibitor interaction. They are mechanistically different
and distinct processes which conceivably have diverged from a common
ancestral prototype. In general, protein protease inhibitor have a less
restricted specificity than their cognate proteases and in specific
instances (e.g. serpines), they undergo significant structural alterations
when forming inactive protease-inhibitor complexes (R. Huber).

Some of the most fundamental and yet incompletely understood aspects of
zymogen activation can be summarized by the following questions:
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1. What structural features of the zymogen determine its proteolytic
cleavage sites? What is the significance of C-terminal processing in
specific cases?

2. What is the nature of the processing enzymes in different systems,
particularly in those which are extrinsic to the cells in which the
zymogens are segregated?

3. How does the primary event of peptide bond cleavage relate to the
conformational transition that generates enzymatic activity? Does the
activation peptide (domain) per se influence the structural
rearrangement?  Are there alternative methods of initiating zymogen
“activation?

4. How have the zymogens of the "simple" digestive proteases acquired the
more complex mosaic of domains seen in the regulatory proteases?

A certain parallelism exists¢ between the physiological regulation of
‘protease action and the regulation of other types of enzymes, notably
those that are regulated by ligand interaction (allostery) and by post-
translational modification of side chains by phosphorylation. In all cases
regulation can proceed through transduction of a signal that is amplified
by linked, consecutive enzymatic reactions (cascades). The primary
difference is that regulation by proteoiytic peptide bond cleavage is
essentially irreversible, whereas regulation by ligand binding or by
phosphorylation is reversible.n A parallelism exists also between the
phenomenon of autoinhibition exhibited by certain calcium/calmodulin
regulated protein kinases and zymogen activation in that removal of the
calcium/calmodulin docking domain of kinases causes activation (albeit
with loss of calcium sensitivity) (T. R. Soderling et al.,, K. A. Walsh et al),
just as the removal of the amino-terminal activation peptide generates
rprotease activity. These and related evolutionary considerations will
underlay the present discussion. In this respect, the emergence of
regulatory proteases endowed with domains that fulfill intrinsic
physiological functions and specify recognition sites with cell surface
receptors, has elevated the study of proteases to a more sophisticated
level than was assigned to them initially. . Their in vivo interaction with
other cell constituents invites caution in reaching conclusions from
studies of purified proteases, removed from their - physiological
environment.
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CONTROL OF THE EXPRESSION OF PANCREATIC PROTEASES.
Antoine PUIGSERVER

Centre de Biochimie et de Biologie Moléculaire du C.N.R.S.
31, Chemin Joseph-Aiguier, 13009 Marseille, France.

About 20 proteins are synthesized and secreted from the exocrine
rancreas of higher vertebrates, a number of them being proteases responsible
for the digestion of dietary proteins and peptides. It is recognized for a long
time that their levels are regulated by the composition of the diet since
increased intakes of proteins led to increased levels of proteolytic enzymes as
a result of modifications in the rate of enzyme synthesis. Besides peptides or
amino acids, a number of gastro-intestinal hormones were also found to

modulate the biosynthesis of pancreatic endopeptidases.

In an attempt to determine the genetic mechanisms which mediate such
changes it was necessary to find out whether the responses of proteases to
dietary manipulations involved transcriptional and/or translational control of
gene expression. This was achieved by measuring the relative levels of
specific mRNAs in the rat pancreatic tissue, first by using an in_vitro ceil-
free translation system and later on with ¢cDNA probes through hybridization
experiments. This experimental approach indicated that the synthesis of
serine proteases was mostly regulated at the transcriptional level. However,
the half-life of the messengers encoding some serine proteases was also
changed in response to increased protein intakes, indicating that the stability
of the corresponding mRNAs might also be involved in the control of the
levels of the active proteases responsible for the hydrolysis of protein
substrates.

Since a cationic, a neutral and two anionic forms of trypsin as well as
two chymotrypsins, two elastagses and several carboxypeptidases are known to
be present in the rat pancreatic secretion, it was interesting to find out
whether isoenzymes may respond to similar signals when rats are adaptated
either to a high-protein diet or to a protein-free diet. By use of synthetic
oligonucleotides complementary to the 3' non-coding rég‘ions of the mRNAs
specific for trypsin isozymic forms it was found that the mechanism by which
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the biosynthesis of cationic and anionic trypsins is regulated was not unique.
By contrast, trypsin synthesis was coordinately regulated with the synthesis
of the pancreatic secretory trypsin inhibitors strongly supporting the idea
that the molecular mechanisms controlling the enzyme and its specific inhibitor
are quite similar.

All the above-mentioned studies led us to clone a specific trypsin gene
in order to study its upstream region and the corresponding interacting
proteins involved in its transcriptional regulation in response to dietary
manipulations.
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Protease inhibitors a physiological regulators and pharmacological protectors

Hans Fritz and Marianne Jochum

Department of Clinical Chemistry and Clinical Biochemistry at the Surgical Clinic City of
the University of Munich, NuBbaumstr. 20, D-8000 Munich 2

The (primary) so-called inflammatory response of the organism to an irritating stimulus
(tissue damage due to multiple trauma or major surgery, invasive microbae, etc.) is cha-
racterized by complex mutual interactions of cellular and humoral systems, directed
physiologically towards repair and healing. The relation of stimuli, mediators, effectors,
and inhibitors to each other finally determines the effectiveness or failure of the inflam-
matory response. Concerning the latter, excessive release of cellular enzymes (e.g.
PMN elastase, macrophage cathepsin B, mast cell tryptase) as well as uncontrolled
activity of the plasma cascade proteinases (plasma kallikrein, thrombin, plasmin,
complement esterases, etc.) seem to play a prominent role in the ongoing biochemicat
destruction of vital tissue and soluble proteins following blunt major injury (1). Such
proteolysis-induced pathomechanisms are enabled by a concurrently arising imbalance
- either locally or systemically - between the proteinases and their regulatory antagonists
(e.g. a,proteinase inhibitor = e, P, @ somacroglobulin, antithrombin Ill, a antiplasmin, C1
inactivator). In this respect among the lysosomal or granular constituents of
inflammatory cells, the extracellularly released neutral serine proteinase elastase from
PMN granulocytes turned out to be especially significant because of its ability to
inactivate also inhibitory proteins effectively by proteolytic cleavage, partly even in the
presence of its main antagonist, the «,Pl. Such a proteolytic degradation may be
enhanced by oxidative denaturation of the proteins in the surroundings of activated
inflammatory cells (2).

Over the last few years, we have been able to show a clear correlation between the
amount of PMN elastase released into the circulating blood and the severity of organ
failure in patients suffering from blunt major injury (3, 4). Determination of ela-stase in
consecutive plasma samples turned out to be a helpful tool for early diagnosis and pro-
gnosis of organ failure. In addition, in pilot studies with a newly developed assay for an
elastase-induced fibrinogen split product we could demonstrate for the first time that
elastase has been active extracellularly in the posttraumatic course (manuscript in pre-
paration). Similar to PMN elastase, high plasma levels of the macrophage-derived cy-
steine proteinase cathepsin B indicated already a few hours after the traumatic event a
forthcoming organ failure (5). In contrast, plasma levels of neopterin, an end product of
the macrophage GTP metabolism, increased only gradually in the early posttraumatic
phase allowing, however, from the 4th post-traumatic day onwards a significant progno-
sis of the patient's outcome (3). Measurement of the phagocyte proteinases and ela-
stase-derived split product in consecutive bronchoalveolar lavage fluids of traumatized
patients clearly confirmed the hypothesis of proteolysis-induced pathomechanisms con-
tributing to the development of organ failure following blunt major injury.
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In several clinical studies with patients suffering from peritonitis and/or septicemia we
could show that excessive local or systemic consumption of proteinase inhibitors, like
a, Pl and antithrombin Ill, during severe inflammatory reactions is a most critical event
which may contribute to the propagation of (multiple) organ failure (6, 7, 8). Therefore,
supplementation of the body’s inhibitor potential by exogenous proteinase inhibitors
(isolated from human material or produced by gene technology) seems to be a most
promising therapeutic approach. In a clinical pilot study antithrombin lll was administe-
red in a high dosage to septic patients. The results show a clear therapeutic effect of
such a proteinase inhibition therapy: organ failure and late lethality was significantly de-
creased in these critically ifl patients (3). To prove this hypothesis further, we have used
recombinant proteinase inhibitors for PMN elastase and thrombin in an experimental
animal shock model. We studied the effectiveness of each inhibitor to diminish the in-
flammatory response. Again, a significant reduction of the endotoxin-induced organ
dysfunctions in septicemia by such a proteinase inhibition therapy was observed (10).

The given data show clearly that during acute inflammation the inhibitor levels have to be
kept well above the normal plasma values to achieve a significant improvement of the
clinical situation. As the natural sources for the isolation of proteinase inhibitors from
human material are very restricted, the design of highly effective inhibitory proteins on
the basis of human inhibitor molecules by molecular modelling and their production by
recombinant DNA technology is the most promising approach at present to get the
quantities necessary for proteinase inhibition therapy in future (11).
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New insights into cellular and viral proteinase structures and the design of
inhibitors

C.Aguilar, M.Badasso, D.Bailey, T.L.Blundell, M.Crawford, R.Dhanaraj,
C.DeAlwis, A.Hemmings, J.B.Cooper, C.Frazao, M.Newman, A.Sali, 1.J.Tickle,
A.Wilderspin, S.P.Wood,

ICRF Unit of Structural Molecular Biology and Laboratory of Molecular Biology,
Department of Crystallography; Birkbeck College, Malet Street, London WCI1E
7THX.

We shall describe the 3-D structures of aspartic proteinases and their complexes
defined by X-ray analysis at Birkbeck. These include not only cellular enzymes
such as human and mouse renins, pepsin, chymosin, endothiapepsin and mucor-
pepsin, but also the retroviral enzyme, HIV proteinase. The high resolution stud-
ies in our and other laboratories have shown that both classes of aspartic protei-
nases are characterized by two catalytic aspartic acid residues at the centre of an
extended active site cleft.

More than twenty X-ray structural studies of inhibitors complexed with renins and
other aspartic proteinases indicate an extended conformation in the active site
cleft on either side of the catalytic aspartates and complementary interactions in
well defined specificity pockets. Of particular interest are the interactions at
subsites S1, S1°, §3’ and S4’ in renin which are responsible for the specificity of
this enzyme.

Biochemical studies suggest that the mechanism is a non-covalent general acid-
base catalysis with water playing the role of nucleophile. In the complex with a
potent morpholine-containing tripeptide (CP-81,282, D.Hoover, Pfizer), the scis-
sile bond surrogate, a difluorostatone moiety. is hydrated on the enzyme. The
statine-like hydroxyl of the tetrahedral carbonyl hydrate is hydrogen-bonded to
both active site aspartates 32 and 215 in the position occupied by a water in the
free enzyme. The second hydroxyl oxygen of the hydrate is hydrogen-bonded only
to the outer oxygen of Asp 32, whilst the -CF,-group occupies an equivalent posi-
tion within hydrogen bonding distance of the outer oxygen of Asp 215. We have
used these experimental data as a basis for a model of the tetrahedral intermedi-
ate in aspartic proteinase-mediated cleavage of the amide bond. It is consistent
with a mechanism in which Asp 32 is the proton donor and Asp 215 carboxylate
polarizes bound water for nucleophilic attack. We shall describe the application
of these crystallographic data to the design of molecules that seem certain to be of
clinical value.
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Charles S, Crajk, Luke Evnin, Robert Fletterick, Jeffrey Higaki, Mary McGrath & Scott Willett
Departments of Pharmaceutical Chemistry and Biochemistry/Biophysics, University of California
at San Francisco, San Francisco, California 94143-0446

Structure-Function Analysis of Serine Proteases Using Mutagenesis

The ability to engineer proteins for specific purposes is of enormous importance for
biotechnology. However, before this achievement can be fully accomplished the fundamentals of
protein design and redesign must be established. A rigorous test of one's understanding of
structure-activity relationships in proteins is the use of those relationships in altering the function of
a protein in a prescribed fashion. In recent years, the field of protein engineering has progressed to
the point where the rational design of proteins is now providing an avenue for the development of
proteins as reagents with a practical use. This is especially true of proteins whose activities and/or
structures are dependent upon coordinating metal ions. The database of information on
metalloproteins is developed to the extent that basic rules governing protein/metal interactions can
be formulated and applied in engineering metalloproteins for specific purposes.

An essential requirement for any system involving a proteolytic enzyme is the regulation of
hydrolytic activity. Laboratory methods for manipulating the activity of proteases have used
synthetic inhibitors that involve affinity labeling and mechanism-based inactivation. A novel
approach to regulating the activity of a protease in a metal-dependent fashion is by introducing a
neighboring amino acid residue that assists in reversibly repositioning an essential active-site
amino acid residue. We have engineered such a site in trypsin. A recombinant trypsin was
designed whose catalytic activity can be regulated by varying the concentration of Cu*2 in
solution. Substitution of Arg 96 with a His in rat trypsin (trypsinR96H) places a new imidazole
group on the surface of the enzyme near the essential active site His 57. The unique spatial
orientation of these His side chains results in the formation of a stable, metal-binding site that
chelates divalent first row transition metal ions. Occupancy of this site by a metal ion prevents the
imidazole group of His 57 from participating as a general base in catalysis. As a consequence,
the primary effect of the transition metal ion is to inhibit the esterase and amidase activities of
trypsin R96H in a velocity modulated fashion. As expected from the initial design, copper ions do
not inhibit the activity of trypsin R96H in a competitive fashion. The apparent Kj for this
inhibition is in the micromolar range for copper, nickel and zinc, the tightest binding being to
Cu+2 at 21pM. The apparent Kj for Ni+2 is 49uM and for Zn+2 is 128uM. This is the same
order predicted based on experimentally determined association constants for metal binding to
imidazole. Trypsin R96H activity can be fully restored by removing the bound Cu*2 ion with
EDTA. Multiple cycles of inhibition by Cu*2 ions and reactivation by EDTA demonstrate that
reversible regulatory control has been introduced into the enzyme. Crystals of trypsin R96H were
grown in MgSO4 and Tris at pH 8 and then treated with 20mM CuClp, 20mM Tris pH 8. X-ray
diffraction data on several crystals was collected to 2.5 A. Structure refinement is still in progress
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and currently R =0.22. The 2Fo-Fc map shows His 57 rotated out of the active site coordinated
to the bridging metal which is in turn coordinated to His 96. This structure provides evidence for
the inhibition of the enzyme by Cu and verifies the design principles. Efforts are currently
directed at creating tridentate binding sites with greater affinity and selectivity for the transition
metals. The introduction of a coordination complex into trypsin involving the active-site His 57
illustrates how a metal switch can be engineered into a protease for the purpose of regulating its
function. This is a useful step in protein design which may not be limited to proteases since
histidine is one of the most common amino acids at the active site of a protein. It may be feasible
to introduce a metal-dependent regulatory switch into many histidine-dependent proteins, several
of which are of significant therapeutic and biotechnological importance.

Critical components of substrate specificity in several enzymes have been studied by
making amino acid substitutions in the structure and characterizing the functional consequences of
the alterations. Though powerful, this approach generally requires a prior assessment of the
importance of the substituted amino acid. A genetic selection can significantly expedite analysis as
it provides a means to search a large number of protein structures for those that satisfy a functional
requirement, making it unnecessary to economize on the number of mutants that may be sampled.
Aspl189 and Ser190 are located at the base of the substrate binding pocket in trypsin and are major
components in conferring the basic amino acid substrate specificity on the enzyme. We have
replaced Asp189 and Ser190 (D189, S190) with all other amino acid combinations. This library
of variants was analyzed using a genetic selection which uses trypsin expression to confer a
nutritional advantage on bacteria. The selection relies on Arg auxotrophic E. coli secreting active
trypsin into the periplasm and converting a non-nutritionally active Arg derivative into an anabolic
source of Arg. The selection was shown to span 5 orders of magnitude of proteolytic activity by
using plasmids encoding mutant trypsins of known activity to confer selective advantage to E.
coli. 90,000 ransformants of the library were searched resulting in 68 clones expressing active
trypsin mutants. The isolates were screened for arginyl amidolysis activity using a microplate
reader and arginyl esterolysis activity using an Arg-ester-overlay assay. The nucleotide sequence
of trypsin was determined for 55 of 68 isolates in which the trypsin activity had been confirmed;
trypsin and 15 trypsin mutants were identified. These enzymes with partially preserved function
were characterized kinetically on arginyl and lysyl peptide substrates. Alternate arrangements of
amino acids in the substrate binding pocket sustained efficient catalysis. A negative charge at
amino acid position 189 or 190 was shown to be essential for high-level catalysis. With the
favored aspartic acid residue at position 189, several amino acids could replace serine at position
190. Modulation of the specificity for arginine and lysine substrates was shown to depend on the
amino acid at position 190. The regulatory effect of the amino acid side chain at position 190 on
substrate specificity was also reflected in substrate binding pockets of naturally occurring trypsin
homologs such as thrombin, kallikrein and urokinase. We are currently overexpressing a subset
of the binding pocket mutants and purifying them to crystallinity for structural analysis.
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Proteases of Blood Coagulation

Earl W. Davie, Dept. of Biochemistry
University of Washington, Seattle, WA 98195

The generation of fibrin during the blood coagulation cascade results
from the stepwise interaction of many proteins that circulate in blood in a
precursor or inactive form. Each of the plasma proteins are activated by
minor proteolysis and are converted to an active enzyme or cofactor in the
process. The initiation of blood coagulation is triggered by tissue factor,
an integral membrane glycoprotein that comes in contact with factor VII in the
blood after vascular injury. Factor VII and tissue factor form a complex at
the site of injury during which the factor VII is converted to an active
serine protease (factor VIIa). These reactions initiate the extrinsic pathway
of blood coagulation. The complex of factor Vila-tissue factor then converts
factor X to a serine protease (factor Xa) and this enzyme in turn converts
prothrombin to thrombin in the presence of factor Va.

Factor VII, factor X and prothrombin as well as factor IX, protein C,
and protein S are vitamin-K dependent proteins synthesized in the liver and
secreted into the blood. Each contains vy-carboxyglutamic acid and five of
these proteins are converted to serine proteases. The vitamin K-dependent
proteins are synthesized with a preproleader'sequence that is removed during
protein biosynthesis by signal peptidase and a processing protease. The
latter enzyme recognizes Arg residues in Pl and P4 positions in the substrate.
A potential candidate for this processing has been purified in our laboratory
employing rabbit liver microsomes.

When thrombin is generated in the final stages of the coagulation
cascade, it converts fibrinogen to fibrin and also activates factor XIII. The
latter protein when activated (factor XIIla) crosslinks fibrin monomers by
forming e-(v-glutamyl) lysine bonds between two adjacent molecules. This
leads to the formation of a strong fibrin clot. Thrombin can also activate
factor XI, converting it to a serine protease (factor XIa). The latter enzyme
then activates factor X in the presence of factor VIIIa. These reactions
constitute the intrinsic pathway of blood coagulation.

The coagulation cascade is regulated in part by a number of plasma
serine protease inhibitors such as LACI and antithrombin III. It is also
regulated by activated protein C which inactivates factor Va and factor VIIlla.
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Molecular Biology of Calpain and Calpastatin

K. Suzuki, T.C. Saido, H. Sorimachi, H. Kawasaki, S. Ohno,
Y. and Y. Akita

Department of Molecular Biology, Tokyo Metropolitan In-
stitute of Medical Science, 3-18-22 Honkomagome, Bunkyo-ku,
Tokyo 113, Japan

Calpain partcipates in various cellular functions mediated
by calcium ions as one of the receptors but its precise
physiological function is still not clear (1,2). Two
isozymes with distinct calcium sensitivities are known, u -
and m-calpains which require x4 M and mM levels of calcim
ions, respectively, for activity in vitro. Both are
heterodimers composed of a catalytic 80kDa and a regulatory
30kDa subunits.

Various lines of evidence indicate that calpain which
had been believed to be active is actually an inactive
proenzyme (1,2). Inactive calpain translocates from the
cytosol to the membrane upon binding calcium, where
autocatalytic activation occurs in the presence of phos-
pholipids such as PIP2 and calcium. During the activation,
the N-terminal regions of both subunits are modified but the
modification of the 80kDa subunit is essential for the ap-
pearance of activity. When cells are stimulated by various
outer stimuli, very rapid conversion of inactive calpain to
the active form is observed. The active form disappears
rapidly in a few minutes. This instatbility of the active
form is a main reason why nobody has yet isolated the active
form.

Since calpain is activated at the membrane, membrane
proteins and membrane associated proteins are presumed
primary targets of calpain (1,2). 1In particular, protein
kinase C (PKC) is translocated and activated under condi-
tions similar to those for calpain. Both enzymes are ac-
tivated at the membrane simultaneously. Active calpain
hydrolyzes only the active form of PKC (3). Further, the
calpain gene is a member of phorbol ester responsive genes
and the transcription level is significantly increased by
treatment of cells with phorbol ester. This is a feed for-
ward regulation, because PKC eventually increases the level
of calpain which is responsible for its down regulation.
Recently, we found that transcription factors, c-Jun and Fos
are good substrates of calpain(4). The expression of cal-
pastatin cDNA in cultured cells enhances the c-Jun induced
transcriptional activation of the TRE-CAT gene (5), which is
lowered below the control level by expression of the
antisense-calpastatin cDNA. These results together with
others suggest that calpain participates in the regulation
of signal transduction mediated by calcium, especially in
the diminution of the signal. Our recent molecular and cell
biological studies on the structure and physiological func-
tion of calpain are discussed.
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PROPERTIES AND STRUCTURE OF LYSOSOMAL CYSTEINE
PROTEINASES AND THEIR COMPARISON WITH PLANT ENZYMES

Turk V.

Department of Biochemistry, JoZef Stefan Institute, Jamova 39, 61000 Ljubljana, Slovenia

The cysteine proteinases (EC 3.4.22) are found in animals, plants and microorganisms.
Recent studies indicate the existance of several gene families as papain calpain,
streptococcal, clostripain, picorna virus family and others. The most studied cysteine
proteinase is the plant enzyme papain which represent a focal point for mechanistic and
structural studies.

Papain exhibits considerable structural homology to mammalian cysteine proteinases,
lysosomal cathepsins BH,L. and S. These enzymes play an important role in the
intracellular protein degradation under normal and pathological conditions (inflammation,
diseases of the central nervous system, muscle dystrophy and malignancy). They are single
polypeptides with Mr of about 25000, sometimes in a two-chain form (cathepsin B,H,L) or
single-chain form (cathepsin S). Lysosomal cathepsins are synthesized as larger precursor
proteins that are then processed to the mature forms. These mature forms are glycosilated,
exept cathepsin S. Whereas cathepsins B,H and L have been extensively studied and their
primary structures are known, there was only recently shown by the amino acid sequence
analysis that cathepsins L and S are structurally different enzymes. All four cathepsins are
inhibited by tight and reversibly binding protein inhibitors cystatins.

Very recently the crystal structure of human cathepsin B was determined indicating that its
overall folding patern and the arrangement of the active site residues are similar to
sequentially related cysteine proteinases papain and actinidin of plant origin. From the
structure the well known dipeptidyl-carboxypeptidase activity of cathepsin B might be
explained.

Beside well known plant cysteine proteinases papain and actinidin several other enzymes
were also isolated and characterized. The amino acid sequences of chymopapain, papaya
proteinase 1V and bromelain shows that these enzymes are also members of the papain
family.
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Plasma Membrane Metallo-Endopeptidases
John Kenny,

Membrane Peptidase Research Group, Department of Biochemistry and
Molecular Biology, University of Leeds, LEEDS, LS2 9JT, UK;

Ectoenzymes This presentation is concerned with a group of peptidases
located at cell-surfaces. They are, by definition ectoenzymes, being
integral membrane proteins exhibiting a highly asymmetric topology, such
that the bulk of the enzyme, including the active site, is at the external
surface of the membrane. Their functional roles therefore concern the
hydrolysis of peptide substrates in the extra- and inter-celiular spaces.
These may include bioactive peptides released by secretory processes in
the immediate vicinity or at a distance from the peptidase; while in the gut
the same enzymes play a role in protein digestion. Although cell-surface
peptidases may be recycled by membrane internalization, they never have
contact with peptides in the cytoplasm and hence play no part in
intracellular protein turnover. Their physiological roles are:

(1) termination of peptide signals, (2) activation of peptides, (3) protection
of cells from unphysiological peptide signals and (4) scavenging of peptides
for nutritional purposes. Twelve peptidases, all abundant in renal and -
intestinal brush borders, have been characterized in some detail. Most are
exopeptidases: aminopeptidases N, A, P and W; dipeptidyl peptidase IV;
peptidyl dipeptidase A; carboxypeptidases M and P; gamma-glutamyl
transpeptidase and membrane dipeptidase. Additionally, there are two
metallo-endopeptidases, which are the subject of this review.

Endopeptidase-2: an enzyme of restricted distribution and low
efficiency in hydrolysing peptides. This enzyme was first recognized

in 1981 as a rat renal microvillar endopeptidase, distinguishable from
endopeptidase-24.11 by its insensitivity to the specific inhibitor,
phosphoramidon. It is an SS-linked tetramer, with two dissimilar subunits
of approximately 80kDa. Immunohistochemistry reveals it to be in the
brush border of the juxta-medullary nephrons and in the apical membrane
of the intestine, extending from the duodenum to the rectum. Weak
reactivity was detected in the thyroid and salivary glands, but so far in no
other organs. The antibody to the rat enzyme cross reacts with mouse
tissues, revealing an identical distribution and demonstrating a close
relationship with meprin. Indeed structural and catalytic properties point
to a family of peptidases, including rat endopeptidase-2, mouse meprin and
human PABA-peptide hydrolase (an intestinal brush border enzyme
capable of hydrolysing Bz-Tyr-4-benzoat§ However, there are some
differences in the detailed catalytic properties: endopeptidase-2 attacks
azocasein more slowly and PABA-peptide more rapidly than does meprin.
cDNA cloning is in progress for all three peptidases and the derived
sequences are awaited with much interest.
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Endopeptidase-24.11: an enzyme with a wide distribution and

an important role in the inactivation of neuropeptides. This

enzyme was discovered in 1969 in rabbit renal brush borders, but it has a
very wide, though not ubiquitous distribution in many cell types, including
other brush borders, endocrine cells, myo-epithelia, neurons and Schwann
cells. For several model membrane systems, such as renal microvilli,
choroid plexus and brain striatal synaptic membranes,
endopeptidase-24.11 is the enzyme that initiates the attack on a range of
biologically active peptides. These include tachykinins (eg substance P),
bradykinin, enkephalins, angiotensins and the natriuretic peptides. Its
primary specificity is for a hydrophobic amino acid residue in the P,’
position, but subsite interactions and conformational features greatly
influence the efficiency of hydrolysis of peptides, there being a 100-fold
difference in the kcat/Km ratios for substance P and LHRH. Except for the
latter peptide, endopeptidase-24.11 seems to be much more efficient than
endopeptidase-2 in hydrolysing neuropeptides, but apart from a slow
attack on interleukin-1 beta, it has little ability to hydrolyse large
peptides or protein substrates (for which endopeptidase-2 is a more
effective enzyme). Atrial and brain natriuretic peptides are likely
physiological targets for endopeptidase-24.11. In the nervous system the
enzyme has two quite distinct locations: in peripheral nerve it is a marker
for Schwann cell membranes, which ensheath nerve fibres. In the brain it
has a well defined distribution in the striatal-nigral pathway, where it is a
marker for a population of neurons and located on axonal membranes and
at synapses, in both pre- and post-synaptic membranes. There is now
substantial evidence that endopeptidase-24.11 is a major enzyme in
terminating some peptidergic signals.
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KSMP - A Membranal Metalloendopeptidase that Splits Off the Tails of
Receptor Kinases

Shmuel Shaltiel
The Weizmann Institute of Science, Rehovot, Israel

The kinase splitting membranal proteinase (KSMP) is a Znt++
metalloendopeptidase which was originally identified by its ability to
split off the carboxyterminus tail of the catalytic subunit (C) of cAMP-
dependent protein kinase (PKA) (Alhanaty and Shaltiel, BBRC, 89, 323
(1979), Alhanaty et al., PNAS 78, 3492 (1981) ; Curr. Topics in Cell.
Regul. 27, 267 (1985)). It is a neutral proteinase (pH optimum 6.8-7.4),
has a subunit M.W. of ~ 90 kDa, is inhibited by EDTA, EGTA and
chymostatin (at > 10-3M), but not inhibited by phosphoramidon,
leupeptin, antipain, elastinal, pepstatin, PMSF, TLCK, TPCK and DTNB. In
addition to PKA, KSMP splits off the carboxyterminus tails of the EGF-
and insulin receptor kinases. The three protein kinases have in common
a cluster of acidic amino acid residues at their tails (positions 327-337,
979-991 and 1268-1286, respectively). These tails are clipped off in a
conformation-dependent manner, i. e., no proteolysis occurs if the
substrates are pre-denatured (Alhanaty et al., PNAS 78, 3492 (1981);
Seger et al., J.B.C 263, 3496 (1988), EMBO 1J. 8, 435 (1989)). This
negatively charged cluster of amino acids constitutes a key
biorecognition element for KSMP since: (1) monoclonal antibodies
(mAb-103) against a branched polyamino acid containing clusters of D
and Y cross react with the C subunit of PKA but not with its KSMP
cleavage product (C'), in which the C-terminal tail is clipped off; (2)
mAb-C9, a monoclonal antiidiotype of mAb-103, specifically binds to the
active site of KSMP and inhibits its activity; (3) Synthetic peptides
containing a DDYEEEE stretch are competitive inhibitors of KSMP (K;=24-
46 uM); (4) The peptide FDDYEEEEI inhibits the cleavage of all three
substrates and prevents the binding of mAb-C9 to KSMP. In view of the
important role played by this cluster of acidic amino acids in the
substrate recognition of receptor kinases, KSMP provides a useful tool
for studying the relationship between the structure and function of
growth factor and hormone receptors, while the monoclonal antibodies
and the peptide inhibitors may be used to elucidate the physiological
role of KSMP.
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Carboxypeptidase E/H and the Processing of Bioactive Peptides

Lloyd D. Fricker, Yong-Keun Jung, Banasree Das, David Greene
Department of Molecular Pharmacology, Albert Einstein College of Medicine,
1300 Morris Park Avenue, Bronx NY 10461, USA

Most peptide hormones and neurotransmitters are produced by limited proteolysis of precursors at
specific sites. In many cases, an endopeptidase initially cleaves these precursors at pairs of basic residues, or
occasxonally at single basic residues. Then, a carboxypeptidase removes these basic residues from the C-
terminus of the peptides. A single carboxypeptxdase appears to be involved with the processing of a wide
variety of peptide hormones and neurotransmitters'. This enzyme has been designated EC 3.4.17.10, and is
alternatively known as carboxypeptidase E (CPE), carboxypeptidase H, and enkephalin convertase. CPE is a
member of the metallocarboxypeptidase gene family, with approximately 20% amino acid homology between
CPE, CPA, CPB, and mast-cell CPA, and approximately 40-50% homology between CPE, CPN, and CPM.

Although carboxypeptidase E is not the rate-limiting enzyme in the production of most peptides,
there are several cases where CPE appears to be rate-limiting. One example is the conversion of rat -
endorphin 1-27 into B-endorphin 1-26, which requires removal of a C-terminal His residue. This step occurs
very slowly in tissues which produce 8-endorphin, and both forms of the peptide are found in moderate
levels. Purified CPE s]owly cleaves the C-terminal His from synthetic pcptldes that resemble the C-terminus
of B- -endorphin, supporting the proposition that CPE is involved with this step in vivo®. Since ﬂ-endorphm 1-
27 is a potent opiate antagonist, whereas S-endorphin 1-26 is neither an agonist or an antagonist, this
processing step has important consequences for the biological activity of the peptide.

In order to understand the regulation of CPE activity, we have used both in vivo and in vitro systems.
In a variety of cell culture systems, as well in intact animals, the levels of CPE mRNA and/or CPE activity
have been found to be regulated by conditions that alter the production of peptide hormones and
neurotransmitters. However, CPE is regulated much more slowly than the peptides, and the magnitude of
the changes in CPE levels is much lower than the magnitude of the changes in peptide levels. Also, in
several systems, conditions that alter peptide levels had no effect on CPE mRNA and/or activity. These
findings indicate that CPE is not coordinately regulated with the peptide substrates, which is consistent with
the non-rate-limiting role for this enzyme in the production of most peptide hormones. In the cases where
CPE activity is regulated, this could have a large impact on the small number of peptide for which CPE is
the rate-limiting step.

The gene for rat CPE has recently been isolated and partla]]y sequenced as a preliminary step in the
identification of regulatory elements®. The 5’ flanking region contains consensus sites for several trans-acting
factors, including SP-1, NF-1, Pan-1, AP-2, and others. The intron/exon organization of the CPE gene
differs from the organization of the genes for CPA and CPB, with only a single intron conserved between
these three genes. This conserved intron is located at the junction between two folding domains proposed
for CPA. The homology between CPE and CPA/B is spread out over all of the exons of the CPA/B genes,
and most of the exons of the CPE gene. The last exon of the CPE gene has no homology with any of the
other carboxypeptidases, consistent with the proposal that this C-terminal region is the membrane-binding
anchor of the protein”.

Although the catalytically important amino acid residues within CPA and B are conserved within
CPE, the pH optima of these enzymes are substantially different. CPA and B are maximally active at neutral
pH, whereas CPE is maximally active in the acidic pH range (pH 5-6) with extremely low activity at pH 7.
To determine whether this represents a fundamental difference in the active site residues of CPE, we
examined the effect of pH, temperature, and metal substitutions on the kinetic properties of substrate
hydrolysis. The results of these analyses indicate that the acidic pH optimum for CPE is primarily due to a
Km effect, rather than a Vmax effect. This is consistent with an active site for CPE which resembles that of
CPA/B. In addition, there appear to be two ionizable groups that are responsible for the decrease in
substrate binding at pH values > 6. This indicates that CPE activity is highly regulated by pH over the
physiological range of 5-7. Thus, pH may be the primary factor in the intraccllular regulation of CPE:
processing of peptide precursors does not occur in the endoplasmic reticulum or Golgi apparatus, which
posses a neutral internal pH, and only starts once the peptides are segregated into the trans-Golgi network,
which is slightly acidic in pH.
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Mast Cell Carboxypeptidases and Serine Proteases
Richard L. Stevens

Harvard Medical School, Boston, MA 02115

Mast cells are readily distinguished from other hematopoietic cells by
their characteristic secretory granules, which contain multiple cell-specific
serine proteases and a carboxypeptidase [designated mast cell carboxypeptidase
A (MC-CPA)] bound to highly sulfated proteoglycans. Mucosal mast cells present
in the gastrointestinal tracts of helminth-infected mice express mouse mast
cell protease (MMCP) -1 and MMCP-2, but not MMCP-5 or MMCP-6, and little, if
any, MC-CPA (1-8). 1In contrast, mouse serosal mast cells express MC-CPA,
MMCP-3, MMCP-4, MMCP-5, and MMCP-6, but not MMCP-1 or MMCP-2 (1-8). An
immature population of mast cells can be obtained by culturing mouse bone
marrow cells for 1-3 wk in the presence of interleukin-3 (IL-3) rich WEHI-3
cell conditioned medium (9). These in vitro-differentiated bone marrow-
derived mast cells (BMMCV) can give rise to both mucosal mast cells and
serosal mast cells when injected in vivo into mast cell-deficient W/WY
mice (10). Mouse BMMCy; contain abundant levels of MC-CPA, MMCP-5, and MMCP-6
mRNAs, but do not contain MMCP-2 or MMCP-4 mRNAs. Thus, BMHCw must cease to
express MC-CPA and MMCP-5, and begin to express MMCP-1 and MMCP-2 when they
differentiate into mucosal mast cells. Alternatively, these BMMC must express
MMCP-4 when they differentiate into serosal type mast cells.

Culture of mouse bone marrow cells in medium containing recombinant c-kit
ligand (rKL), rIL-3, or IL-3-rich WEHI-3 cell-conditioned medium resulted in
cell populations consisting of <30%, >99%, and >99% mast cells, respectively,
as defined histochemically. Although mouse rKL was not as selective as mouse
rIL-3 in its ability to induce mast cells, only the cells in the rKL-treated
cultures expressed the same protease transcripts found in serosal mast cells
(Gurish et al., submitted to J. Exp. Med.). To determine if rKL directly or
indirectly induced this transcriptional phenotype, safranin” BMMC,; were
maintained in medium containing rKL, rIL-3, or both cytokines. BMHCw exposed
to rIL-3 alone or in the presence of rKL remained safranin”, did not express
MMCP -4 mRNA, and contained reduced levels of MMCP-6 mRNA. In contrast,

BMMCy; exposed to rKL alone became safranin’, expressed high levels of

MMCP-4 mRNA and MMCP-6 mRNA; however, they contained low amounts of histamine
and MC-CPA enzymatic activity relative to in vivo-differentiated serosal

mast cells. rKL is thus a pluripotent cytokine that induces progenitor mast
cells to preferentially transcribe those proteases found in serosal mast cells,
but it is a relatively ineffective granule maturation factor. Other in

vitro studies revealed that IL-3, IL-4, and IL-10 were three cytokines that
controlled expression of the mucosal mast cell proteases MMCP-1 and MMCP-2.
These are the first studies to define the transcriptional phenotype of mast
cells derived from bone marrow progenitors by any cytokine, to compare and
distinguish the phenotypes elicited by four cytokines capable of acting on bone
marrow progenitors and immature mast cells, and to demonstrate an antagonistic
effect of IL-3 on mast cell differentiation.

The MC-CPA gene was found to be expressed relatively early along with
FceRI when progenitor cells differentiate into BMMC,,;, BMHCIL_3, or
BMMCy; . Inspection of the 5' flanking region of the human and mouse MC-CPA
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genes revealed a potential binding motif for the GATA family of transcription
regulatory factors, indicating a potential role for these trans-acting

factors in protease gene regulation. GATA-1, GATA-2, and GATA-3 were found to
be expressed in several mouse and rat mast cell lines that contain MC-CPA and
other proteases in their cytoplasmic granules (11). GATA-1 mRNA was not
detected in P815 cells, an immature mouse mastocytoma-derived cell line that
lacks electron dense granules and has low levels of secretory granule
proteases, Because the 5’ flanking regions of the mouse and human MC-CPA genes
contained a conserved GATA-binding motif 5l-base pairs upstream of their
translation-initiation sites, the ability of GATA-binding proteins to regulate
the promoter activity of the MC-CPA gene was examined in rat basophilic
leukemia cells, mouse P8l5 cells, and transfected mouse P815 cells that
expressed GATA-1., In all three mast cell lines, the promoter activity of the
MC-CPA gene depended on the GATA-binding site. GATA-1, GATA-2, and GATA-3 are
thus the first DNA-binding proteins identified in mast cells which regulate the
promoter activity of a gene that encodes a secretory granule protease.
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ACTIVATION OF PANCREATIC PROCARBOXYPEPTIDASES
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R. Huber4, K. Wiithrich?® and F.X. Avilés!
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Switzerland.

4 Max-Plank Institut fir Biochimie. Martinsried bei Miinchen. Germany.

Procarboxypeptidases A and B, the inactive precursors of carboxypeptidases A and
B, are unique among major pancreatic proenzymes in that they release a very long
peptide (94 and 95 amino acid residues long, respectively) upon activation by limited
proteolysis. Here we discuss the activation process and the structural features of the
two zymogens from porcine origin. The study was started with the aim of gaining
insight into some basic issues: the possible effect of the released activation segments
on the activation process, the definition of the sequence of moleculareventsthat take
place, and the structural reasons of proenzyme inactivity, among others.

The activation processes of both proenzymes share some common characteristics:
initial proteolysis starts at the border between carboxypeptidase and activation
segment and further proceeds from the C—~terminal end of the latter; the generated
active carboxypeptidase participates in both cases in the trimming of the released
activation peptides; and finally, generation of carboxypeptidase activity has been
observed to be dependent on the degree of degradation of the severed activation
fragments in the two cases.

There are, on the other hand, some differences between the two processes studied.
In the first place, the A form generates two species of CPA whereas a single CPB is
generated from PCPB. However, this does not affect activation since no correlation
has been found between the presence of either form of CPA and the rate of expression
of enzymatic activity. The main difference lies in the rate of activation, which is
biphasic in the A form and monophasic and much faster in the B form. Since both
zymogens are converted into carboxypeptidases in a comparably short time, the
differences observed in activation rate might be a consequence of differences in the
type of interaction between the enzyme and the fragment(s) released or, in other
words, to differences in the inhibitory capabilities of the activation fragments.
Preliminary experiments had shown that the activation segment isolated from PCPA
acted as a strong inhibitor of the active enzyme (1), whereas no such inhibitory
potential has so far been observed for any activation fragment derived from PCPB.
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We have analyzed the process of conversion of porcine procarboxypeptidases A and
B into the fully active carboxypeptidases at the molecular level (2,3). Preparative
isolation and amino acid and sequence analysis of the activation segment and
fragments derived from it have been performed and the sequence of events during
activation has been formulated.

Participation of carboxypeptidases in the process of trimming its own activation
segment is a remarkable characteristic readily deduced from the analysis of the
fragments generated. In the case of PCPB, a further demonstration of the participation
of active carboxypeptidase B in this proteolytic action is furnished by the results
obtained in activations performed in the presence of carboxypeptidase inhibitors.
These experiments, where the proteolytic degradation of the activation segment
fragments is slowed down by the presence of inhibitors, are also valuable in making
possible the detection of short-lived intermediates which would be otherwise
undetectable in their absence (4).

The picture resulting from the activation experiments commented so far would be
incomplete without consideration of the three-~dimensional structures of the
zymogens. The three—dimensional crystal structures of procarboxypeptidases A and
B, and the solution structure of the activation domain of the B form have been
recently obtained (5, 6). Their observation permits the visualization of the target
points for activation and the definition of the structural basis of zymogen inactivity.
The observed differences in the rate of activation and in the residual activities
against peptide substrates between PCPA and PCPB may also be explained by small
differences in the three~dimensional structures of the zymogens, in the type of
contacts established between enzyme and activation domain and in the location of
target points for proteolysis.

Comparison of the crystal and solution structures of activation domain B shows that
the globular structure is preserved after isolation. As expected, those regions showing
a higher degree of disorder in the solution structure largerly coincide with surface
areas which are in contact with the enzyme in the intact zymogen. This results
indicate that the longintermediate fragments detected during the activation process
are also likely to maintain their original globular conformation, since the activation
domain constitutes a limit in the degradation of the activation segment.
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Thrombin plays a central role in thrombosis and hemostasis,
but is also implicated in wound healing and in various disease
processes. It is therefore a prime target for inhibitor therapy,
so that its spatial structure is of great value for designing
knowledge-based inhibitors.

We have determined and refined the high-resolution X-ray
crystal structure of the covalent complex formed between human

a-thrombin and D-PheProArg chlorometylketone (PPACK-thrombin)

[Bode et al., 1989; Bode et al., 1991]. Using the refined
coordinates of PPACK-thrombin, the X-ray crystal structures of

two slightly different human a-thrombin-hirudin complexes [Rydel

et al., 1990; Griitter et al., 1990], of two bovine thrombin
structures (with and without bound fibrinopeptide) [Martin et

al., 1991; Martin et al., 1992], and of human a-thrombin ternary

complex containing a covalently bound fibrinopeptide A fragment
and a non-covalently-bound peptide derived from the hirudin tail
segment [Stubbs et al., 1991] have been solved.

The thrombin B-chain exhibits the characteristic polypeptide
fold of trypsin-like proteinases; several extended insertions
form large protuberances, however. The most remarkable feature
at the thrombin surface is a prominent canyon-like active-site
cleft, shaped and narrowed by "insertion loops." The specificity
of thrombin for distinct macromolecular substrates and
inhibitors is in accord with this narrow and deep cleft.
Hirudin, a 65 residues long polypeptide from the leech Hirudo
medicinalis, occupies the whole active-site cleft, thus
preventing access of substrates to the active-site residues.

The strongly furrowed thrombin surface around the active
site is well-suited to bind small synthetic inhibitors. The
structure-based de novo design of novel non-peptidic drugs is,
nevertheless, still very difficult and might be confusing. Aas
documented for the specific arginine-based antithrombotic
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argatroban [Matsuzaki et al., 1989), even docking attempts with
known "lead" compounds, found and improved by classical
screening procedures, can lead to wrong results.

The structures of thrombin complexes with several arginine
and benzamidine-derived inhibitors have now been established
crystallographically derived either from analogous trypsin or
from thrombin structures [Bode et al., 1990; Turk et al., 1991;
Brandstetter et al., 1991]. These structures stress the
importance of intermolecular hydrogen bonds with the S3-subsite
and of the steric fit of the amino and the carboxy-terminal
hydrophobic inhibitor moieties into the characteristic aryl-
binding site and the hydrophobic S-2 cavity of thrombin.
Particularly surprising is the finding that the distal amidino
or guanidyl group of the central basic residue must not
necessarily interact 1in a symmetrical manner with the
specificity determining carboxylate of Asp 189 at the bottom of
the Sl-pocket, but can point towards the hydrophobic "back" of
this pocket. These experimental structures are starting points
for a systematic modification of the "lead" compounds and the
design of more potent and effective inhibitors. First attempts
in this direction are promising.
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ANEW LATENT (L) CONFORMATION OF SERPINS:
EVIDENCE FOR AMOBILE REACTIVE CENTRE

Robin W. Carrell, Dyfed LI1. Evans and Penelope E. Stein

Department of Haematology, University of Cambridge

MRC Centre, Hills Road, Cambridge CB2 2QH, UK.

The serpins are unique amongst the families of serine protease
inhibitors in that they have a large and unconstrained reactive centre
loopl. Recent crystallographic studies? indicate that this loop can
exist as an exposed helix, and earlier work3 had shown that
proteolysis of the reactive centre resulted in the re-insertion of the
cleaved peptide into the large A-sheet that forms the predominant
feature of the molecule. Evidence is provided here that the reactive
centre loop in the intact serpins is mobile and that inhibitory activity
is dependent on a folding of the N-terminal portion of the loop with
potential movement in and out of the A-sheet. The finding that this
movement can be induced to give a new stable latent (L)
conformation supports the concept of a flexible reactive centre that
can adapt its conformation to meet differing physiologic requirements
and suggests a structural basis for the latent form of plasminogen

activator inhibitor and the heparin activation of antithrombin.
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The evidence on which these deductions are based is
summarised in the figure which shows, in diagram form, the relation
of the reactive centre loop P;-P;, to the 5-stranded A sheet,.
a) Represents the structure of cleaved inhibitory serpins with the loop
reinserted in the sheet. b) Is the structure of the non-inhibitory
serpin ovalbumin 24 in which the loop is locked in a helical form due
to mutations in the P4-P,, region’. c) Represents a proposed model
of the partially reinserted loop to give the native active 'canonical'
form; overinsertion of this loop, beyond 6 residues, occurs on
exposure to 0.9M guanidinium chloride with all the inhibitory serpins,
to give a loss of activity and physical properties that match those of
latent DPAI-1. d) The technique of Schulze et al® can be used to
insert various length synthetic loop peptides and form binary
complexes with consequent loss of inhibitory activity.

Changes in thermal stability (e and f) are seen to match the
movement in and out of the A sheet of the extra strand, thus the
native S form undergoes a considerable increase in stability on
cleavage at P;, but this S-R change does not occur when movement of
the loop is blocked in the PP, stalk area as with ovalbumin shown
in cleaved and noncleaved forms or with the P, proline variant of
antithrombin whose cleaved form cP,, is identical to that of
uncleaved native S antithrombin. f) As predicted the induced latent
L-form of antithrombin has a thermal stability that matches that of
the hexapeptide binary complex BC6.

These findings are supported by othe; physical measurements
and ancillary studies of site specific mutants of various serpins and of

antithrombin with and without added heparin. The findings strongly
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support the proposed linked mobility of the reactive centre and the
A-sheet’, that evolution has adopted to give modulation of serpin
activity and an ability to vary exposure of the reactive centre to
proteolytic attack. The topology of the reinsertion process must await

further crystallographic structures.
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CURRENT STATUS ON CYSTATINS
Turk V.

Department of Biochemistry, JoZef Stefan Institute, Jamova 39, 61000 Ljubljana, Slovenia

Within the last ten years it has become evident that newly discovered protein inhibitors of
cysteine proteinases, named cystatins, offer a new insight into the processes in which they
participate. The cystatins are tight and reversibly binding inhibitors of the most papain-like
cysteine proteinases. They form a superfamily of sequentially homologous proteins
subdivided into three families, the stefins, the cystatins and the kininogens. The recently
discovered cathelin, a protein inhibitor of cathepsin L which we isolated from pig
leucocytes indicates that a new family of cysteine proteinase inhibitor may exist.

The stefins (also family 1) are single-chain proteins with Mr of about 11000, which lack
disulfide bonds and carbohydrates. Whereas human and rat stefin A were found in high
concentrations in various types of epithelial cells, the human and rat stefin B are found to
be widely distribuited amongst different cells and tissues. Stefin B forms disulfide linked
inactive dimers. In addition to stefins of animal origin, in rice there are structurally related
proteins, named oryzacystatins.

The cystatins (also family 2) have Mr of about 13000 and contain two disulphide bonds.
These proteins occour at relatively high concentrations in many biological fluids. The best
known representatives of this family are chicken cystatin and human cystatin C. Human
cystatin C variant (point mutation at position 68) is a major constituent of the amyloid
fibrils in patients from lIceland suffering from hereditary cerebral hemorrhage with
amyloidosis. With the exception of the rat cystatin C, all other members of this family
described so far are not glycosilated.

The kininogens (family 3) are single chain proteins. They are three distinct types of
kininogens: H-kininogens with Mr of about 120000, L-kininogens with Mr of about 68000
and T-kininogens( known as "acute phase protein") with Mr of about 68000. They are
glycoproteins. They have been found in plasma and other secretions of mammalian species.
By sequence analysis was found that teh kininogen molecule is composed of three cystatin-
like domains. Second and the third domain are inhibitory active. The kininogens are strong
inhibitors of papain and cathepsins L and weaker inhibitors of cathepsin H and particularly
of cathepsin B. The crystal structure of chicken egg white cystatin was determined. It was
suggested that the highly conserved region GIn53-Gly57 (QVVAG region) folds into a tight
-hairpin loop, which together with a second hairpin loop (Pro103-Trp104 residues) and the
N-terminus form a hydrophobic wedge-shaped "edge” highly complementary to the active
site cleft of papain as shown by docking experiments. This proposed "trunk model" was
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recently verified by the crystallized stoichiometric complex of recombinant human stefin B
and papain . ,

Structural analysis of stefins, cystatins and three domains of the kininogens revealed that
they share extensive sequence homology, enough to be classified as members of one
superfamily. Recently, a scheme for the evolution of mammalian cystatins was proposed
based on the numbers of copies of cystatin-like domains and the presence or absence of
disulphide bonds.
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SIGNAL TRANSDUCTION PATHWAYS FOR WOUND-INDUCIBLE PROTEINASE
INHIBITOR GENES IN PLANTS.

Clarence A. Ryan, Gregory Pearce, Barry McGurl and Edward E. Farmer,
institute of Biological Chemistry, Washington State University,
Pullman, WA 99164-6340.

Several signalling molecules have been identified that regulate
the expressiocn of genes c¢oding for proteinase inhibitor proteins that
are synthesized in plant leaves in response to predator and/or
pathogen attacks. Regulatory molecules include oligesaccharide
fragments of plant and fungal cell walls (1,2), methyl jasmorate (3),
a recently discovered polypeptide of 18 amino acids (4),and plant
hormones such as abscisic acid (5) and auxin (6). Methyl jasmonate,
placed on wicks near tomato, tobacco or alfalfa plants, is transported
through volatile airborne molecules to plants and is highly specific in
activating proteinase mhlbxtor genes in the leaves of these plants (3).
Methy! jasmonate is thought to be interacting directly with the
intraceliular signal ttansduction pathways close to the gens level.
intarplant communicatioh mediated by methyl jasmonate has besen
demonstrated (3). We have recently isolated an eighteen amino acid
polypeptide from tomato leaves that powerfully activates the
expression of protelnase Inhibitor genes in tomato plants (4). This
polypeptide, called systemin, is the most potent inducer of the two
proteinase inhibitor genes yet found. Radioactively labselled systemin
is transported throughout young tomato plants when place directly on
leaf wounds in the manner consistent with a systemic signal (4). The
structure and properties of systemin and its cDNA and gene will be
presented. Antisense constructs of the ¢cDNA, under the regulation of
the CaMV 358 promoter, when stably integrated into the tomato
genome and expressed, result in plants that only weakly respond to
wounding (7). This indicates that the expression of prosystemin is
necessary for systemic signalling. The synthesis of prosystemin and
the generation of systemin by wounding will be discussed. (Supported
in part by Washington State College of Agriculture and Home
Economics Project #1781 and grants from NSF and the McKnight
Foundation.)
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CEREAL INHIBITORS OF SERINE PROTEASES ACTIVE AGAINST PHYTOPHAGOUS
INSECTS.

Pilar Carbo erol'z, J. Royol3 I. Dfazz, E. Gonzé]ez-Hida]goz,
C. Gutierrez- and P. Castafiera”.

Bioquimica y Biologia Molecular. Escuela Técnica Superior de
Ingenieros Agrénomos. Universidad Politécnica de Madrid (Spain).
Centro Nacional de Biotecnologia. CSIC. Madrid.

Centro de Investigaciones Biolégicas. CSIC. Madrid.

A substantial fraction of the albumins and globulins from
cereal endosperms is represented by a complex protein family that
includes trypsin inhibitors and monomeric, dimeric and tetrameric
inhibitors of heterologous a-amylases (For reviews, see 1 and 2).
This group of inhibitors which may play a protective role against
insect predators, is encoded by a multi-gene family which is
dispersed over four out of the seven homoeology groups of
chromosomes in wheat and barley, as has been determined by
electrophoretic analysis of the proteins and by Southern
hybridization analysis with cDNA probes, using the appropriate
aneuploid lines. Anup-dated compilation of characterized subunits
and chromosomal location of their genes appears in Table 1.

Table1  Genomic distibution of genes encoding aramylaseftrypsin inhibs
inhibitory activity Protein (syn.) Clones Gene boas Chromosome no.
(aggregation) syn) genome (arm)
oramylase (monomeric) BMAI-1 (Horv1) - imha#1- t
WMAH (0.28)  pl®-28 imhaD1 6D(5)
WMAL2 . imhaB1 68(5)
a-amylase {dimeric) BDAK1 plP-44 idhaH1 ?
WODAH {0.5)) - KdhaBia 38(5)
WDAI3 Idha81:2 38(5)
WDAF2 0.19) dhaB1 30(5)
a-amylase (tetrameric)
15t subunit BTAI-CMa <thaHl (Cmat)  1(H)
WTALOM2 itha-B1 78(5)
WTAHOM1 pCT-2 tthaD1 706)
RAI ttha-R1 ®
2nd subunit BTALOM . RhaH2 (Cmb1)  4{4H)
WTALCM16 pCT-3 ftha-B2 48(5)
WITAICM17 haD2 005
3rd subunit  BTAMOM PUP38"  RhaH) (Cmdl)  4(4H)
(2 copies) WTA-OWIS pCT-1 Rha-83 48(5)
WTARCMID thaD3 o]
Trypsin BTHCOMe MOME  hrH1 {Cmel) 301
AgCMe
wWTR A
i pCT<4 A8 D2
Lyt rrR1 k3
Trypsin MOMe K42 (Cmol) 14
Unknown t pUP-2Y ? t
t pCT-88 [ A8
Urknown l [ 25 B ?

Although some experiments concerning wheat monomeric
a-amyiase inhibitor WMAI-1 may be discussed(4),w’11 focus our
attention 1in recent findings concerning barley trypsin inhibitor
CMe.
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A cDNA encoding trypsin inhibitor CMe from barley endosperm
has been cloned and characterized. The longest open reading
frame codes for a typical signal peptide of 24 residues followed
by a sequence which is identical to the known amino acid sequence
of the previously reported inhibitor protein except for three
more aminoacids at the C-terminal (vvlL). Southern-blot analysis
of wheat-barley addition lines has shown that chromosome 3H of
barley carries the gene(s) for CMe. This protein is present at
less than 2%-3% of the wild-type amount in the mature endosperm
of the mutant Risg 1508 with respect to Bomi barley, from which
it has been derived, and the corresponding steady state levels of
the CMe mRNA are of the same order (x1%). One or two copies of
the CMe gene (synonym gene locus ItrH1) per haploid genome have
been estimated both in the wild type and in the mutant and DNA
restriction patterns are identical in both stocks, so neither a
change in copy number nor a major rearrangement of the structural
gene account for the markedly decreased expression. The mutation
at the Jys 3a locus in Risg 1508 has been previously mapped in
chromosome 5H. A single dose of the wild-type allele at this
locus (Lys 3a) restores the expression of gene CMe in chromosome
3H to normal levels, 1indicating that the expression of gene CMe
is regulated in trans by the gene at the lys 3a locus (3).

The genomic clone for CMe has a duplication in a region of =4
kbp, the first copy being identical to the cDNA. The gene has no
introns., In the promoter of CMe, besides the typical TATA box and
the -300 endosperm box, two long imperfect repeats of =600 bp are
to the found. At -2000 bp of the translation initiation, there
is a retroproson-like sequence of =300 bp with sequence
similarities to the WIS-2 element of wheat and the COPIA element
of Drosophila. Transient expression studies 1in protoplasts
derived from developing barley endosperms and coleoptiles have
been carried out using chimeric constructs with different parts
of the CMe promotor fused to the reported GUS gene.

Transgenic tobacco plants carrying a chimeric gene carrying
the 35S CaMV promoter and the structural sequence from the CMe
cDNA have been obtained, and insect tests against Agrotis ipsilon
and Spodoptera littoralis have been performed. Increased
mortality in the range of 30-40% over controls have been observed
with larvae of both species.

REFERENCES

(1) Garcifa-Olmedo, F., Salcedo, G., Sanchez-Monge, R., Gomez, L.,
Royo, J. and Carbonero, P. (1987). 1In: Miflin, B.J. (ed)
Oxford Surveys of Plant Molecular and Cell Biology. Vol. 4,
pp. 275-334., Oxford University Press.

(2) Garcia-Olmedo, Salcedo, G., Sanchez-Monge, R., Hernandez-
Lucas, C., Carmona, M.J., lLopez~Fando, J.J., Fernandez, J.A.,
Gomez, L., Royo, J., Garcia-Maroto, F. and Carbonero, P.
(1991). In: “Barley: Genetics, Molecular Biology and

Biotechnology"” (ed. P.R. Shewry). C.A.B. Intern (in press).
(3) Rodriguez-Palenzuela, P., Royo, J., Gomez, L., Sanchez-Monge,
R., Salcedo, G., Molina-Cano, J.L., Garcia-Olmedo, F. and
Carbonero, P. (19839). Mol. Gen. Genet. 219: 474-479,.
(4) Garcla-Maroto, F., Carbonero, P. and Garcia-Olmedo, F. (1991)
Plant Mol. Biol. 17: 1005-1011.



61

wound-induced expression of proteinase Inhibltors in plants.

Jose J. Sdnchez-Serrano, Simone Amati, Christian Dammann, Marcus Ebneth, Ruth Lorberth,
Lothar Willmitzer, and Salomé Prat.

Institut fiir Genbiologische Forschung Berlin GmbH, Ihnestrasse 63, 1000 Berlin 33,
Germany,

The proteinase inhibitor I (pin2) gene family is constitutively expressed in flowers of potato
and tomato, and in potato tubers. In addition, its mMRNA accumulates in the plant foliage as a
result of franscriptional activation of the gene family following mechanical wounding. This
accumulation is not restricted to the damaged leaves as pin2 mRNA also accumulates in distal,
non-damaged tissue. The plant hormone absclsic acid (ABA) is involved in the pin2 induction
upon wounding. ABA treatment results in pin2 mRNA accumulation in leaves in the absence of
any apparent damage. Consistent with this, a rise in endogenons ABA concentration is
observed upon wounding which peaks before maximal pin2 mRNA accumulation is reached.
Moreover, plant mutants deficient in ABA synthesis fail to accumulate pin2 after wounding,
and no change in their low ABA level is detected. Pin2 activation in mutant plants is triggered
by ABA treatment. Constitutive pin2 expression is, however, not affected by the ABA-
deficiency, and thus potato droopy mutant plants have wild-type lévels of pin2 mRNA in tubers
and flowers.

The plant growth regulator jasmonic acid (JA) has been suggested to be involved in wound-
induced responses in different plant species. It induces pin2 expression in the foliage in the
absence of any mechanical damage, and it is also able to do so in an ABA-deficient
background., These results can be explained by two alternative hypotheses: either there is a JA
step downstream to the ABA requirement in the wound signal transduction chain leading to
pin2 transcriptional activation or JA and ABA are located in different pathways, eventually
converging in pin2 gene activation.

Plants react to wounding by accumulating newly synthesized products whose function is
mainly related to wound healing and prevention of subsequent pathogen attack. Ubiquitous
ABA mvolvement in plant responses to mechanical damage has been firmly established with the
isolation from a potato ABA-induced leaf cDNA bank of several wound-induced clones.
Among them, the cathepsin D inhibitor displays the same expression pattern as pin2 being, in
addidon to its wound-induced gene activation in the plant foliage, also constitutively t in
tubers and flowers. In contrast, the gens encoding threonine dehydrase and another clone
sharing high similarity to the bovine lens leucine aminopeptidase are expressed in floviers and
wounded leaved but their mRNAs are absent (threonine dehydrase) or barely detectable (leucine
aminopeptidase) in tubers. An opposite pattern regarding organ-specificity is exhibited by a
gene with sequence similarities to rice oryzacystatin. In this case, constitutive expression is
detectable in tubers but not in flowers of potato plants,

RNA cotresponding to the described clones accumulate upon wounding in the damaged leaves
but their abundance in non-damaged systemically-induced ones differs from one another, In
addition to its responsiveness to ABA, JA treatment leads to accumulation of mRNA from all
the above mentioned genes. These results suggest that ABA and JA are linked in the wound
signal transduction pathway and, moreover, that organ specificity of these clones have to

involve additional signals. o .
Other studies have shown the presence in potato tubers of proteins with inhibi activity
towards proteinases. Most of them are also induced in the plant foliage upon ing, as is

for instance the case of the proteinase inhibitor I (directed against serine proteinases with
trypsin-like activity), the 22 kd tuber protein (also a serine proteinase inhibitor), and the
metallocarboxypeptidase inhibitor (active against mewlloexopeptidases). This accumulation of
proteinase inhibltors observed after wounding may serve a defensive function to the plant. A
decrease in the nutritional value of the tissue is induced by pests feeding on the plant which is
systemically extended to other tissues that would be subsequently ingested by these pests. In
this way, an array of inhibitors with different specificities towards proteinases would counteract
the different enzymes present in the digestive tract.

A single pin2 promoter is able to drive constitutive expression of a reporter gene in tubers and
flowers, and wound-induced expression in leaves, of transgenic potato plants. Deletion
analyses of this promoter have determined a region governing expression in tuhers and
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wounded leaves, whilst sequences required for flower expression are apparently located
elsewhere. Whether expression in tubers and wounded leaves is controlled by the same. or
different, cis-regulatory motifs is however not known. This pin2 promoter has been scanned
for interactions with nuclear proteins which may be relevant in regulation of gene expression.
Whilst several DNA-binding activities have been identified in nuclear extracts from both pin2
expressing and non-expressing plant tissues, none bind to the important cis-regulatory elements
defined by deletion analyses, or show differences in binding activity which could be related to
the transcriptional status of the pin2 gene family.
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Expreasion and hormonal regulation of proteolytic activities in germination
of cereal seeds.

M.J. Cordero, J.M. Casacuberta, P, Puigdoménech and B. San Segundo
Departamento de Genética Molecular, Centro de Investigacidn y Desarrollo de

Barcelona, CSIC, Jordi Girona 18, 08034 Barcelona. Spain,

We have characterized the proteolytic activities (proteases in
cooperation with carboxypeptidases} involved in the different stages of
germination of maize (Zea mays) grains, A sequential expression of
different groups of prqteases (aspartic, cysteine, serine and
metzllo-proteases} with pH optima in the acidic range héé'been fbund by
ueing specific protease inhibitors. Pepstatin-sensitive proteolytic
activity (aspartic-protoase activity) is dominant in resting grains.
Germination is accompanied by the appearance of a proteolytic activity
which can be enhanced by low molecular weight thiol compounds and inhibited
by thiol~protease irhibitors, which is indicetive of the involvement of
cysteina protease(s). This burst of cysteine protease activity is
coincident with the disappearance of the main storage protein fractions. We
conclude from this that cysteine protease(s), with an acid pH optimum, are
good candidate(s) for the proteolytic attack of stored protein reserves in
maize, After this staege, where cysteine-protease activity is dominant, a
period with larger tota) proteolytic activity starts, coincidentally with
the expression of the different types of other proteolytic activities
(serino, aspartic and metallo proteases), in eddition to the cysteine
protease activity above mentioned. When <ths development of the
carboxypeptidase activity during germination was analyzed, the highest
activities were found during the earlier and later stages. This result is
indiocative of a cooperative interaction between carboxypeptidase and
endoproteolytic systems in ordsr to obtain a more effective mobllization of
storage proteins in germinating maize greins., The phytohormonés,
gibberellic acid (GAS) and abscisic acid (ABA) which can stimulate or
innibit, respectively, the total proteolytic activity in extracts from
germinating greine, exert a differential effect on the different

proteclyvic activities here detected.
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BOVINE PANCREATIC TRYPSIN INHIBITOR (BPTi) AS A MODEL FOR
STUDIES OF PROTEIN EVOLUTION AND PROTEIN FOLDING

T.E. Creighton, European Molecular Biology Laboratory, Heidelberg, Germany.

A comparison of the gene sequenceS of BPTI and that of the closely-related protein,
bovine spleen inhibitor, indicated that the nucleotides coding for the inhibitor sites
of these proteins had diverged more rapidly than had the remainder of the genes,
including the introns.! Similar observations were made by others with different
protease inhibitor families.23 This prompted a comparsion of the protein sequences
of serine proteases to determine if their active site regions demonstrated a
comparable hypervariability. Significant hypervariability was found with some
proteases, especially the kallikreins, suggesting that they have also evolved recently
under positive selective pressures for functional differences between them.4 The
proteases and their Inhibitors seem to be special in exhibiting such positive
selection, which is very difficult to detect in other protein families.

BPTI has been studied primarily as a model subject for studies of protein structure,
flexibility, and folding. Its three Cys residues have been used as probes of the gross
conformational properties of the unfolded, reduced polypeptide chain by their
tendency to form disulphide bonds between various pairs of Cys residues and by the
stabilities of those disulphide bonds. This approach has been used to determine the
protein folding pathway of BPTI, which is the most detailed and best-characterized
folding pathway available.5 Further understanding of the BPTI folding mechanism
requires more detailed structural information about the partially-folded
intermediates. Previous studies have used the trapped intermediates,6 but protein
engineering methods make it possible to construct more appropriate analogues of any
intermediate in homogeneous form?. Cys residues not involved in disulphide bonds
are replaced by Ser, which are considered to mimic best the partially ionized Cys
residues of the folding protein. The conformational properties of these intermediates
are being characterized by 2-D NMR techniques. The results obtained thus far and
their significance for protein folding will be presented.
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NMR Structures of Protein Proteinase Inhibitors in Solution.

Kurt Wiithrich

Institut fiir Molekularbiologie und Biophysik
Eidgenossische Technische Hochschule-Honggerberg

CH-8093 Ziirich, Switzerland

Protein proteinase inhibitors have had an important role in the development of the NMR meth-
od for protein structure determination in solution. For example, because of its ready availability,
high stability in solution and favorable NMR-spectral properties, the basic pancreatic trypsin in-
hibitor (BPTT) has been used time and again to develop and optimize new NMR experiments for
studies of proteins (e.g., 1-3). BPTI was also the first globular protein for which complete se-
quence-specific NMR assignments and a NMR determination of the secondary structure were ob-
tained (4-6). Subsequently the bull seminal protease inhibitor IIA (BUSI IIA) was the first protein
for which the determination of the three-dimensional structure by NMR in solution was completed

(7-9). Our interest in this class of proteins has kept up over the years. For example, the structure of
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hirudin was solved (10), work in collaboration with the group of Prof. F.X. Avilés resulted in the
NMR structure of the activation domain from porcine procarboxipepdidase B (11,12), and we just
completed the determination of highly refined structures of BPTI and several homologs of BPTIL
In connection with the continued work on BPTI it became possible to extend the NMR observa-
tions to numerous individual molecules of hydration water (13). This lecture will be mostly devot-
ed to the recent refinement of the BPTI structure and the observations made on protein hydration

in aqueous solution,
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. .
Structural studies of proteases and their protein hibit

Robert Huber
Max-Planck-Institut fiir Biochemie
8033 Martinsried, FRG

Serine and cysteine proteases play a central role in
digestion, protein degradation and bioregulation. Their
activity may be controlled by activation from inactive
proenzyme forms and by inhibition by natural inhibitors.
Detailed structural studies have provided a basis for
understanding the principles of activation, activity and
inhibition of proteases. In serine proteases the functional
significance of molecular flexibility was first documented
(1) .

The natural serine protease inhibitor BPTI served as a model
to develop biophysical and biochemical techniques (eg
protein NMR, hydrogen-deuterium exchange, experimental
folding studies) and theoretical methods (eg molecular
dynamics and ab initio folding studies). In the last 20
years many large families of 'small' natural serine protease
inhibitors have been characterized in structure and
function. They differ in polypeptide chain folds but have a
similar canonical substrate-like conformation of their
protease binding loops (1-6, 8-14). They have a common mode
of function and are reversibly cleaved by proteases, an
exception being hirudin (20), a natural inhibitor of
thrombin, which blocks the enzyme binding site in a non-
orthodox way by use of its globular N-terminal portion while
its extended C-terminal tail fills the anion binding exo-
site.

In mammalian plasma a different class of large serine
protease inhibitors (serpins) occus which are regulators of
serine proteases such as leucocyte elastase and thrombin.
They function rather differently to the small inhibitors
and, as structure analyses of «)-protease inhibitor (7) and
ovalbumin (17) have shown, undergo a transition to an
inactive form. This transition involves an interesting
extension of a pre-existing P-sheet (21).

Much less is known of natural inhibitors of cysteine
proteases but two members of the cystatin super-family,
cystatin (15, 16) and stefin in complex with papain (19)
have now been structurally defined. In contrast to the
serine protease inhibitors, they do not act in a substrate-
like manner but occlude the enzyme binding site.

ARll of these inhibitors provide frameworks for the
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development of specific drugs. Such studies are being
vigorously pursued with leucocyte elastase (11,12) and
thrombin (18,20) for replacement therapy of emphysema and
thrombosis.

Pancreatic procarboxypeptidases have structurally and
functionally (concerning their mechanism of inhibition) much
in common with protease-protease inhibitor complexes (24).

Annexins inhibit blood clothing by a very different mode,
probably through competition for membrane binding sites.
Their unusual structures integrate features of integral
membrane proteins and soluble proteins and lead inhibitor
research into a new area (22,23).
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THE INTERACTION BETWEEN HUMAN CATHEPSIN G
AND BPTI.

M. Angeletti, E.Fioretti and F.Ascoli.
Dept .M.C.A. Biology Univ. of Camerino, Italy; Dept.of Experimental Medicine
and Biochem.Sciences ,Univ.of Rome "Tor Vergata'.

Cathepsin G, from human neutrophil leukocytes, is probably responsible
for the degradation of proteins in geveral pathological conditions and the
production of angiotensin II, a potent vasoconstrictor (1). The substrate
binding site of Cathepsin G is closely related to other serine proteases,
like human leukocytic elastase (2). Several protein inhibitors showed
affinity for cathepsin G (3), even if the basic pancreatic trypsin inhibitor
BPTI was not known as active toward the enzyme. In the present study, we
found that the interaction between Cathepsin G and BPTI is weak but not
negligible (Fig.l), and strongly substrate-dependent (Fig.2), but it could

be seen as a good model for protein-protein interaction (4).

Cathepsin G - BPTI
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The determination of the apparent equilibrium dissociation constants (at
substrate concentration equal to zero), and its pH-dependence were also
determined.

The raw data were analyzed following the scheme proposed by Bieth (5), and
the results will be discussed according to a substrate-inhibitor competition

model.
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INHIBITION OF CHYMOTRYPSIN BY Cl1-INHIBITOR: CORRELATION
WITH REACTIVE CENTRE SEQUENCES.

Cl-inhibitor is a serine protease inhibitor active against cCls,
Clr, faotor XIa, factor XIIla, kallikrein, nerve growth factor and
plasmin. These proteinases all cleave on the carboxy-terminal side
of arginine residues. In their interaction with Cil-inh, all form
etable 1:1 complexes (proteinase:inhibitor) and under certain
conditions release a small peptide from Cl-inh. This arises

following cleavage between the P} arginine and P'} threonine
residues.,

We have investigated the inhibitory activity, of various Cl-inh
molecules against chymotrypsin, a proteass with specificlty for
bulky hydrophobic residues. Cl-inh(hu) inhibited chymotyypsin
activity against Suc-Ala-Ala-Pro-Phe-pNA (Kass 7.3 x 10%). Sequznce
analysis of the released peptide showed that cleavage occurred
between the P2 alanine and Pl arginine (ie the P2 alanine bhad
become the functional Pl residue). Cl~inh(Ri), a dysfuncticnal
protein with a Pl arginine to histidine substitution, had a Zive
fold increase in its inhibitory activity against chymotrypsin
(Rass 3.4 x10%), and sequence analysis of the released peptide
showed that the cleavage had occurred between the new Pl histidine
and the P'l threonine. This demonstrated that the inhibitory
activity is not restricted to one site within the reactive centre,
Rabbit Cl-inh also forms a complex with chymotrypsin and human Cls,
and its reactive centre sequence has been determined. This data and
the results from similar structural and functional analysis of
¢l-inh from other species, currently in progress, will be
interpretaed with reference to their reactive centre sequences,

In addition to the above, we are characterising two dysfunctional
Ci-inhibitor proteins with mutations within the ‘hinge' region.
Cl-inhibitor(Mo) has a substitution of a threonine to alanine at
the P9 residue and Cl-inhibitor(We) has a substitution of a valine
to glutamic acid at the P13 residue. Both these proteins have been
expressed in COS cells and structural-functional analysis of these
is in progress.



80

USE OF SOLUBLE AND IMMOBILIZED SUBTILISIN
A. Ballesteros
Instituto de Catdlisis

c.8.1.C. - Serrano, 119
28006 Madrid (Spain)

Subtilisin is a versatile catalyst for hydrolysis and
synthesis of acyl esters (1, 2). As an alternative in our work
on hydrolysis and synthesis of ;Eyl-sugars, subtilisin -either
soluble on insolubilized~ has also been employed. The differences
in selectivity of acylation and deacylation ofl sucrose by

subtilisin Carlsberg, native or insolubilized on diatomaceous

earth (Celite), will be reported.

1. A. zaks & A.M. Klibanov, JACS 108, 2767-2768 (1986).

2. S. Riva et al., JACS 110, 584-589 (1988).
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SOYBEAN PROTEASE INHIBITORS IN GERMPLASM AND IN PROCESSED FOODS

David L. Brandon, Anne H. Bates, and Mendel Friedman
Food Safety Research Unit, Western Regional Research Center,
USDA Agricultural Research Service, Albany, CA 94710

Monito the inactivation of otease hibitors

Active protease inhibitors can limit the digestibility and
bioavailability of soy protein, and, at least in the rat, consumption
of dietary protease inhibitors can result in development of
pancreatic adenomas. 1In order to assess the nutritional quality and
healthfulness of food containing protease inhibitors, it is necessary
to measure these specific inhibitors accurately. 1In soy products,
one complication is the occurrence of multiple soybean protease
inhibitors, including the Kunitz trypsin inhibitor (KTI) and the
double-headed Bowman-Birk trypsin and chymotrypsin inhibitor (BBI).
Both KTI and BBI exist as several isoforms, which are derived from
different genes or are produced by proteolysis, and other inhibitors
are also present. It is therefore impossible.to establish the exact
protease inhibitor composition of a sample through enzymatic-assay,
especially in samples with low residual inhibitor activity,

such as toasted soy flours or soy protein isolates. We have found
that immunoassays using monoclonal antibodies offer the specificity
and sensitivity necessary to analyze complex, processed food samples
(1-5). The antibodies and ELISA methods enable measurement of active
KTI and BBI specifically, in the presence of denatured inhibitors.

In addition, monoclonal antibodies can distinguish among the isoforns
of KTI and between KTI which is free and molecules which are bound to
trypsin (6). The highly specific antibodies distinguish BBI from
closely related Bowman-Birk type inhibitors in lima bean. 1In
addition to ELISA, the antibodies can be used for immunoblotting or
affinity chromatography. Using the monoclonal antibody-based
ELISA's, we found that the microenvironment in soy flour appears to
catalyze the heat inactivation of BBI to a greater extent than KTI.
Thus, although BBI is much more stable than KTI in the pure state, it
is KTI which is responsible for the heat-stable trypsin inhibitory
activity of soy flour.

Active protease inhibitors, which may limit the nutritional quality
of foods, also have potentially beneficial effects. They have been
shown to inhibit carcinogenesis, in both in vitro and in vivo
systems, and to stimulate human T cells. More data on the health
effects of protease inhibitors are needed to guide further
development of food processing strategies for optimizing the content
of protease inhibitors in soy foods. High resolution techniques,
such as the monoclonal antibody-based ELISA's for measuring KTI and
BBI, could help optimize production of the most nutritious and
healthful soy protein product. In addition, immunochemical methods
may also help determine the biological fate of ingested protease
inhibitors (7).
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Development of new soybean cultivars based on immunochemical
screening of soybean germplasm.

Although the monoclonal antibodies proved useful to detect protease
inhibitors in processed foods, we thought that they may have
applicablity at an earlier stage--the development of new cultivars.
As a first step in this direction, we analyzed an experimental line
of soybeans, L81-4590, a KTI-null isoline of Williams 82, developed
by Professor T. Hymowitz, University of Illinois. The isoline, grown
isolated in a greenhouse, produced near zero levels of KTI as
determined by ELISA (about 10,000-fold lower than Williams 82).
However, KTI could be detected in field-grown samples, probably as a
result of cross-pollination by KTI-expressing cultivars (8). If the
KTI-null isolines are to be used commercially, the ELISA method could
be an important quality control test. Preliminary screening of the
USDA Soybean Germplasm Collection indicated that there is
considerable variation in the content of protease inhibitors,
indicative of a genetic potential to produce soybeans with enhanced
nutritional value and requiring minimal processing (e.g., a
KTI-BBI~lectin triple null), and, possibly, cultivars with higher
anti-carcinogenic activities (perhaps a BBI-rich line).

Brownin eactions and antige it ood proteins.

Since non-enzymatic browning reactions can alter protein structure in
a number of ways, we studied the effects of the reactions on the
ability of protein to form antigen-antibody complexes (9). Using KTI
as a model protein, we evaluated processing-induced changes in :
antigenicity with two monoclonal antibodies. The results suggested
that relatively mild conditions of heating food proteins with
carbohydrates can reduce the antigenicity of the protein, prior to
the occurrence of extensive browning and that judicious selection of
epitope specificity can yield ELISA's sensitive to early stages of
non-enzymatic browning.

Technology transfer

Because of the potential commercial value of these methods, the
Agricultural Research Service has patented some of the antibody
methods discussed above (10, 11). We hope that this will encourage
commercial development of products based on this technology.
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REGULATION OF GERMINATION BY ABA IN Cicer arietinum:
CHARACTERIZATION OF PROTEINS INVOLVED

E. Cervantes
Instituto de Recursos Naturales y
Agrobiologia de Salamanca
c.8.1I.C.
Cordel de Marinas, 40-52
37071 salamanca (Spain)

Abscisic Acid (ABA) plays an important role in maintaining the
enbrionary state and preventing germination. ABA promotes the synthesis
of specific proteins including reserve proteins, lectins and
agglutinins.

Exogenously added ABA promotes the synthesis of a polypeptide of
MW=32,000 in embrionic axes of chickpea, that could be a regulator of
transcription (Rodriguez et al., 1985); also, exogenously added ABA
induces the synthesis of five polypeptides in embrionic axes of this
legume species (Colorado et al., 1991).

Our present project aims to identify the activities of proteinase
inhibitors during the germination of chickpea and to investigate their

possible regulation by ABA, Calcium and other factors regulating germmination.

REFERENCES

Colorado et al., 1991. Calcium dependence of the effects of Abscisic Acid
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MECHANISM-BASED INHIBITORS OF PROLINE-SPECIFIC PEPTIDASES
H.~-U. Demuth, Department of Biochemistry, Martin-
Luther-University, Halle (Saale), D—-0-4050, Germany.

A large number of regulatory peptides include proline
residues at special locations in their sequences. They are
important for the structure of the peptides and they are ex-
posed cleavage points for proline-specific peptidases. Prolyl
endopeptidase (PEP) and dipeptidyl peptidase IV (DP 1IV) be-—
long to these enzyme group. To perform detailed studies of
regulatory peptide processing, specific and selective in-
hibitors are required. Thus, we developed N-peptidyl-O-acyl
hydroxylamines as specific irreversible inhibitors for PEP
and DP 1IV. The compounds represent a new concept in
mechanism—-inhibition. Both acyl residues may be used to spe-
cifically design inhibitors of special application tasks.
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Struqture and Activity of a cyclic phosphinic hexapeptide
peptide, a potent inhibitor of bacterial collagenase

Vincent Dive, Athanasios Yiotakis, Christian Roumestand, Bernard
Gilquin and Flavio Toma

Service de Biochimie des Protéines, Laboratoire d'ingénieric des
Protéines, CEN de Saclay, Gyf/Yvette 91191
cedex FRANCE

A cyclic phosphinate peptide has been synthesized as transition-
state-analogue and evaluated as inhibitor of a zinc bacterial
collagenase.

The basis of the activity of this peptide is attributed to the
similarity of the tetrahedral phosphorus oxyanion moiety to the
tetrahedral intermediate ‘in peptide substrate arising from the
addition of a zinc-water molecule to the carbonyl group of the
cleaved peptide bond.

Preliminary conformational analysis of this cyclic hexapeptide

utilizing the |H-NMR spectroscopy and NOE restrained molecular
dynamics will reported.

The biological activity and conformational preference of this
peptide allow us to propose a tentative model of the inhibitor-
collagenase interactions.
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Functional characterization of a new tryptase from bovine
mast cells: search for its processing role.

Laura Fioruccl, Mohamed Rholam*, Fulvio Erba, Paul
Cohen* and Franca Ascoll.

Dipartimento di Medicina Sperimentale e Scienze Biochimiche, Il
Universita degli Studi di Roma "Tor Vergata", via Orazio Raimondo,
Roma, Italia.

*Université Pierre et Marie Curie, Groupe de Neurobiochimie
Cellulaire et Moléculaire, URA 554 du CNRS, 96 BId Raspail, Paris,
France.

A seryl protease (tryptase) was purified from bovine mast
cells present in connective tissue of bovine liver capsule. The
enzyme was solubilized with 2 M NaCl and the apparent molecular
weight determined by gel filtration in 1 M NaCl was 360 + 40 kDa.
By SDS-PAGE followed by fluorography, two bands radiolabelied
with [3H]-DFP with molecular masses around 40 kDa were detected.
Bovine tryptase activity is inhibited by some non-proteic seryl
protease inhibitors; among the high molecular weight inhibitors,
only BPTI, which is also localized in bovine mast cells,
specifically interacts with the enzyme with a K| = 10=9 M.

Bovine tryptase is very reactive toward synthetic coumarin-
containing substrates with pair of basic aminoacids at the site of
cleavage. Preliminary experiments with prohormone substrates
containing dibasic or monobasic sites, indicated that the enzyme
cleaves at the carboxyl site of Lys-Arg, Arg or Lys residues with a
different efficiency depending on the sequences flanking the
hydrolysis site. These experiments indicate that the enzyme could
process proproteins and could be eventually involved in the
maturation of BPTI precursor.
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Design of mechanism-based inactivators for the prototypal zinc protease,
carboxypeptidase A. Soumitra S. Ghosh!, Shahriar Mobashery2 and
E.T.Kaiser3: The Salk Institute Biotechnology/Industrials Associates, Inc.l,
San Diego, Wayne State University? , Detroit and Rockefeller University3,
New York, U.S.A.

We report our studies on the mechanism-based inactivation of
carboxypeptidase A (CPA) using the inhibitors, (R)-2-benzyl-5-cyano-4-oxo-
pentanoic acid (I), N-cyanoacetyl-L-phenylalanine (II) and N-(3-
chloropropionyl)-L-phenylalanine, (III). The rationale for the design of I was
based on the known propensity of CPA to carry out proton abstraction from
ketone substrate analogues [Nashed, N.T. and Kaiser, E.T. (1986) J. Am.
Chem. Soc., 98, 1940-1947]. It is suggested that that enzymic deprotonation on

the C-5 methylene moiety of I followed by isomerization generates an a-
ketoketenimine intermediate, which partitions between turnover and
irreversible enzyme inactivation. The enzyme inactivation exhibited pseudo-
first order kinetics and was fully prevented in the presence of the competitive
inhibitor, benzylsuccinic acid. The inactivation rate constant, kinact, was
evaluated to be 0.083 + 0.003 min-1, and from the partition ratio of 28 + 3, keat
was calculated as 1.78 + 0.06 min-1- The reversible inhibitor constant (K;) was
measured at 1.8 + 0.5 pM, indicative of a high affinity of CPA for I. However,
Km for the inactivation process was determined at 4.93 + 0.43 mM. Kinetic
analysis as well as labelling studies with the radioactive form of the
inactivator revealed that the stoichiometry for CPA modification by I
approaches 1:1 ratio.

The concept was extended to include the peptidic molecules, IT and III,
from which CPA-catalysed proton abstraction presumably leads to the

transient formation of a ketenimine and an «, B-unsaturated amide,
respectively. Subsequently, it is proposed that these intermediates trap an
active site nucleophile, resulting in irreversible covalent modification of the
protein. In competition with the inactivation process, the enzyme hydrolyses
the amide bonds of these molecules. Partition ratios of 1180 * 40 and 1680 * 60
were determined for II and III, respectively. N-Acrolyl-L-phenylalanine, the
putative intermediate from IlI, was independently studied to test the validity
of ther mechanistic scheme and was observed to be an active site-directed
inactivator of CPA.
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Kinetics of Autolysis of p- and m-Calpain in the Presence and Absence of
Phosphatidylinositol and Erythrocyte Ghosts

Darrel E. Goll, Teresa Zalewska, Valery F. Thompson, and Patrick Cottin

Autolysis of p-calpain 1s an intermolecular process at all Ca?*
concentrations between 25 and 2000 puM. Autolysis of m-calpain 1is an
intramolecular process at Ca?* concentrations of 1000 to 5000 pM but is an
intermolecular molecular process at Ca?®* concentrations of 100 to 350 puM.
Although phosphatidylinositol lowers the Ca?* concentration required for
autolysis, it does not change the mechanism of autolysis, l.e,, autolysis is
still intermolecular in the presence of phosphatidylinositol. Association with
erythrocytes membranes (inside-out vesicles) has no effect on the Ca?*
concentration required for autolysis. Consequently, association with a cell
membrane does not seem to stimulate autolysis as proposed by the membrane-
activation theory. Moreover, autolysis of calpain would be hindered, not
stimulated, by association with a cell membrane because an intermolecular
mechanism would require that the membrane-associated molecule collide with a
second calpain molecule in the cytoplasm.

Consequently, it seems unlikely that the calpains are "activated" by
association with cell membranes, and it 1s probable that some other mechanism is
involved in activation of calpain activity in living cells. This other mechanism
may involve Ca?* binding to specific sites on the calpain molecule, with each
site responsible for a particular activity.
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NEUTRAL ENDOPEPTIDASE IS HIGHLY EXPRESSED ON CELLS
OF AN OSTEOBLASTIC PHENOTYPE

Fred E. Indig*, Daphna Benayahu#, Adina Fried#,
Shlomo Wientroub#+ and Shmaryahu Blumberg*. .
Sackler Institute of Molecular Medicine* and Department of Histology and Cell
Biologyl, Sackler Paculty of Nedicine, Tel Aviv University, Tel Aviv 69978 Israel

and Departeent of Orthopaedicst, Tel Aviv Medical Center, Tel Aviv 64239, Israel.

Neutral endopeptidase EC 3.4.24.11 or
enkephalinase (NEP) is a zinc ectoenzyme present on
the surface of many cell types and is widely
distributed in mammalian tissues including the
kidney, brain tissue and in the immune system. The
amino acid sequence of human NEP is identical with
that of the common acute lymphoblastic leukemia
antigen (CALLA, CD10) and is highly conserved in
different species. NEP is implicated 1in the
metabolism and regulation of a variety of peptides
including the enkephalins, Substance P and atrial
natriuretic factor.

We have purified -NEP from bovine
kidney membranes by Triton X-100 extraction and
various chromatographic procedures. Utilizing our
selective two-stage enzymatic assay of. high
sensitivity towards NEP (FEBS Lett. 255:237, 1989),
we assessed NEP levels in various mouse bone
marrow derived cells (BBRC 172:620, 1990). Various
levels of NEP were expressed by mouse marrow
stromal cell 1lines, with the highest levels found
in cells (MBA-15) of an osteoblastic phenotype.
Other cell lines of an osteoblastic phenotype also
express high levels of NEP. Treatment of certain
clones of MBA-15 with 1lea,25-dihydroxyvitamin D,
increased the level of NEP expression fourfold;
while having no effect on alkaline phosphatase
levels. These results raise .the possibility that
NEP may play a role in bone remodelling and may
serve as a novel differentiation marker of
osteoblastic cells.

Supported by the Israel Academy of Sciences and Humanities-Basic Research Foundation
(S.W.) and the Moise and Frida Eskenasy Institute for Cancer Research (S.B.).
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CHANGES OF MULTICATALYTIC PROTEINASE ACTIVITY IN TISSUES OF
INSULIN-DEFICIENT RATS
L. Kuehn, B. Dahlmann and H. Reinauer
Diabetes-Forschungsinstitut an der Universitat Dusseldorf,
D-4000 Dusseldorf, FRG

The multicatalytic proteinase (MCP), also designhated prosome or proteasome, is a
high-molecular-mass, multisubunit protein with a characteristic, cylinder-shaped
structure. The enzyme is of ubiquitous occurrence in eukaryotes, suggesting a
fundamental role of the molecule in cellular metabolism (1). A number of different
functions have been proposed, such as post-transcriptional modulation of
translational activity (2) but the physiological function(s) of the enzyme remains
to be elucidated. As experiments in the insulin-deficient state of fasted, young
rats have shown that there is a progressive fall in skeletal muscle protein
synthesis during the first days of fasting, whereas skeletal muscie protein
breakdown remains essentiaily unchanged during this period (3), we used this
experimental approach to investigate whether any, and if so, what changes in
activity and/or content of the MCP can be measured in tissues of fasted as well
as fasted and re-fed rats. The results of these experiments, conducted on
gstrocnemius muscle, thymus and testicular tissue show a differential response
of the MCP in these three organs and favour the idea of a relationship of the
MCP and steps associated with cellular protein synthesis rather than protein
degradation.

(1) Dahimann, B., Kopp, F., Kuehn, L., Niedel, B., Pfeifer, G.,Hegerl, R. and
Baumeister, W. (1983) FEBS Lett. 251, 125-131

(2) Kuehn, L., Dahlmann, B. and Kopp, F. (1990) FEBS Lett. 261, 274-278

(3) Emery, P.W., Coteliessa, L., Holnhess, M., Egan, C. and Rennie, M.J. (1986)
Biosc. Rep. 6, 143-153
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CYSTEINE PROTEINASE INHIBITOR FROM SEA ANEMONE
STRUCTURALLY DIFFERS FROM CYSTATINS

Lenar¢i¢ B, Kodi¢ D., Ritonja A., Dolenc L., Turk B. and Turk V.

Department of Biochemistry, JoZef Stefan Institute, Jamova 39, 61000 Ljubljana,
Slovenia, Yugoslavia

Cysteine proteinase inhibitors are distributed in mammalian tissue and body fluids
as well as in plants and insects. The most studied are cystatins, tight and reversible
binding inhibitors of papain-like cysteine proteinases, which form a superfamily of
sequentially homologous proteins (1). The X-ray crystal structure of chicken cystatin
and papain-stefin B complex showed that the highly conserved QVVAG region
(present in most members of the cystatin superfamily, i.e. stefins, cystatins and
kininogens) is located in the first 2 -hairpin loop. Beside this loop, the amino
terminal "trunk” and second hairpin loop are involved into the mechanism of
interaction of cystatins with their target enzymes (2,3).

The amino acid sequence of the recently discovered cathelin, a protein inhibitor of
cathepsin L (4) and potato cysteine proteinase inhibitor (5), assigns that new
families of cysteine proteinases may exist. To support this belief we isolated and
characterized a strong inhibitor of cysteine proteinases from sea anemone. Data
from the partial amino acid sequence of the inhibitor clearly show that this inhibitor
structurally does not belong to the cystatin superfamily. The 5,6 kDa inhibitor
obtained from pineaplle stem acetone powder was also sequenced. Its amino acid
sequence is not comparable with cystatins. Both inhibitors were biochemically
characterized.

Further structural studies including christallography will explain the nature of the
interaction of these inhibitors with cysteine proteinases. The conserved QVVAG
region is not present thus indicating that a different mechanism of interaction might
be expected.

1) Turk V., Bode W. (1991) FEBS Lett. 285, 213-219.

2) Bode W., Engh R, Thicle U., Huber R, Karshikov SA., Brzin J., Kos J., Turk V. (1988) EMBO J. 7, 2593-2595.
3) Stubbs M.T., Laber B., Bode W., Huber R., Jerala R., Lenaréi¢ B., Turk V. (1990) EMBO 1.9, 1741-1750.

4) Ritonja A., Kopitar M., Jerala R, Turk V. (1989) FEBS Lett. 255, 211-214,

$) Brzin J., Popovié T., Drobnit-Koforok M., Jerala R., Turk V. (1989) In: Intracellutar Proteolysis Mechanisms and

J

Regulations (Katunuma N., Kominami E., eds) pp 398-400, Japan Sci.Soc. Press, Tokyo.
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Kinetics of inhibition of cysteine proteinases by their protein inhibitors:
Established structure-function relationship and open questions

Werner Machleidt, Irmgard Assfalg-Machleidt and Ennes Auerswald”

Institut fir Physiologische Chemie, Physikalische Biochemie und Zellbiologie der
Universitat Minchen, Goethestrae 33, D-8000 Mlnchen 2, FRG

*Abteitung fur Klinische Chemie und Klinische Biochemie in der Chirurgischen Klinik
Innenstadt der Universitat Minchen, NuBbaumstr. 20, D-8000 Minchen 2

A major portion of the lysosomal proteinases responsible for intracellular protein
degradation are cysteine proteinases. Their activity is controlled by protein inhibitors,
mainly cystatins, stefins and kininogens.

The X-ray crystal structure chicken cystatin has been solved and a model for its
interaction with papain has been proposed [1,2]. This model has been confirmed and
extended by X-ray analysis of a [Ser®]stefin B-papain complex [3]. Very recently, X-ray
crystaliography of human cathepsin B has revealed important differences to the known
structures of the plant cysteine proteinases papain and actinidin [4].

In order to assess the functional significance of the proposed structural models, we have
studied the kinetics of inhibition of papain, actinidin, human cathepsin B and H by a variety
of natural and recombinant cystatins and stefins. Equilibrium dissociation constants (K;)
and rate constants of complex formation {kon, kor) Were determined under carefully
controlled conditions [5,6].

The results confirmed that, unlike small serine proteinase inhibitors, cystatins and
stefins do not interact with their cognate enzymes in a simple substrate-like manner.
Although the functional significance of the proposed contact regions was supported by
kinetic data, single or double amino acid exchanges within these regions and truncations
had very different effects on binding to different cysteine proteinases. The observed slow
binding of stefins to cathepsin B involving an isomerization step in case of the
cathepsin B-stefin B complex may reflect the effect of an "occluding loop® in the structure
of cathepsin B [4].

It seems that the functional properties of protein inhibitors of cysteine proteinases
cannot easily be predicted by intuitive computer modelling. The rather complex
interactions of the three discontinuous binding sites of the inhibitors with the cognate
enzymes would have to be considered in a quantitative manner to explain the observed
kinetic differences.
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The Conformation of the Reactive Site Loop of
°<1P1 Probed by Limited Proteolysis

Alan E. Mast, Jan J. Enghild and Guy Salvesen
Pathology Department, Duke University Medical Center
Durham, North Carolina USA 27710

Members of the serpin superfamily differ from other serine proteinase inhibitor
superfamilies in several characteristics that suggest they may operate by a mechanism
different from the standard mechanism of inhibition. Proteolytic cleavage within the
reactive site loop (RSL), a region that is thought to form intermolecular contacts with
proteinases, enhances the conformational stability of many serpins so that they now
fail 'to unfold in 8 M urea. This stabilization is likely due to increased favorable
interactions within the dominant structural feature of serpins, the A-p-sheet
(Loebermann et al., J. Mol. Biol. 177,-5631-556, 1984). The conformation of this sheet
in native and proteinase-complexed a;P| was probed by examining the stabiiity of the
protein after cleavage at different sites along the RSL. Synthetic peptides
corresponding to portions of the Pl reactive site loop incorporated to different extents
into native, proteolytically modified and proteinase-complexed serpins. The effects of
insertiom of the various peptides upon the conformational stability and inhibitory
activity of these different forms were investigated. These data are discussed in terms
of the proteinase inhibitory mechanism of serpins and the probable conformation of
the RSL.
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PROTEOLYSIS IN THE YEAST ENDOPLASMIC RETICULUM ?
C. Ramos, J. Winther and M.C. Kielland-Brandt

Carlsberg Laboratory, Department of Yeast Genetics, Gamle Carlsberg Vejl0,
DK-2500 Copenhagen Valby, Denmark.

In mammalian cells vacuolar proteins that fail to fold or assemble
correctly are usually retained in the endoplasmic reticulum (ER) and
then degraded by a mechanism distinct from lysosomal degradation.
The present work is aimed at determinig whether a similar protein
degradation system exists in the yeast ER .

Many of the yeast vacuolar proteases are synthesized as inactive
precursor proteins (pro-forms) that are translocated into the ER.
Afterwards, the proteins transit through the ER and Golgi apparatus,
and before or upon arrival to the vacuole, the propeptide segment is
proteolytically removed to generate the mature active enzymes.

‘By pulse-labeling and immunoprecipitation of lysates followed by
SDS-PAGE, we have observed that certain mutations in the structural
genes for the yeast vacuolar proteases proteinase A (PrA) and
carboxypeptidase Y (CPY), PEP4 and PRC1 respectively, cause these
proteins to accumulate in the pro-form. This is the case for Lys341-CPY
and Hisy75-PrA obtained by directed mutagenesis of the respective wild
type genes. Other inactive PrA mutants with the same phenotype (pro-
form accumulation) have been obtained by in_vitro mutagenesis of the
PEP4 gene using hydroxylamide. Some of the mutants analysed so far in
pulse-labeling experiments exhibit a loss of immunoprecipitable
material during 30 minutes chase, which could be due to proteolytical
break-down. To determine whether these mutant proteins -are
degraded in the ER we are analysing their stability in a secl8 mutant,
since this mutation blocks the transport from the ER to the Golgi
apparatus at the restrictive temperature.
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INHIBITION OF RECOMBINANT HIV-1 AND HIV-2 PROTEASES USING
NON-PEPTIDE COMPOUNDS WITH SHAPE COMPLEMENTARITY TO THE
ACTIVE SITE, Rafael Salto, Dianne L, DeCamp, Paul S. Furth, Paul Ortiz
de Montellano, Irwin Kuntz and Charles S. Craik, Departments of
Pharmaceutical Chemistry and Biochemistry/Biophysics, UCSF, San
Francisco CA 94143-0446

Recombinant HIV-1 and HIV-2 proteases have been expressed and
purified to homogeneity from E. Coli. The enzymes have been used
to. test the inhibitory effects of compounds with shape
complementarity to the active site of the HIV-1 protease. The
compounds were discovered using the three-dimensional structure of
the enzyme and the DOCK algorithm of Kuntz et al. (1982, J. Mol. Biol.
161, 269). One of the compounds identified in the initial computer
search was bromperidol. Haloperidol, a closely related compound and
approved antipsychotic drug with know pharmaceutical properties
including oral activity and wide tissue distribution, was chosen as a
lead compound for further development. Haloperidol inhibits the
HIV-1 and HIV-2 proteases in a competitive fashion with a Ki of
approximately 100 puM (Deslarlais er al. (1990) PNAS 87, 6644-
6648). It is highly selectve, having little inhibitory effect on pepsin
activity and no effect on renin at concentrations as high as 5 mM.
Approximately 80 derivatives of haloperidol were prepared and the
ability of the compounds to act as competitive inhibitors was
investigated on both the HIV-1 and HIV-2 protease. Of the
derivatives that were better inhibitors of the HIV-1 protease one
exhibited an IC50 of approximately 7 uM. Several of the inhibitors
show a different selectivity in their ability to inhibit the HIV-1 and
HIV-2 proteases. A derivative with an IC50 of 15 uM was co-
crystallyzed with the HIV-1 protease. The differences in the IC50's of
the derivatives for the HIV-1 protease versus the HIV-2 protease
suggest that the inhibitors bind to the enzymes in a similar mode and
that the differences in binding result from structural variations at
the active site between the two enzymes. The three-dimensional
structure of the HIV-1 protease-inhibitor complex will provide
insight regarding the binding affinities of the various haloperidol
derivatives. New inhibitors are being designed based on this
structure and will be discussed. ‘
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Nonpolar and Electrostatic Interactions in the
Thrombin-Hirudin Complex

Stuart R. SEone, Andreas Betz and Jan Hofsteenge
Friedrich Miescher-Institut, P.0O. Box 2543, CH-4002 Basel,
Switzerland

Hirudin is a polypeptide of 65 amino acids that is a potent
and specific inhibitor of thrombin. The crystal structures of
the thrombin-hirudin complex indicate that both electrostatic
and nonpolar interactions play important roles in the
formation of the complex. We have investigated the quantative
importance of nonpolar interactions with the N- and C-terminal
regions of hirudin by using site-directed mutagenesis. The
results obtained at a number of different positions can be
rationalized in terms of the crystal structure. 1In one
position (Phe56), the results cannot be interpreted in terms
of the crystal structure and it is suggested that an
unfavourable conformational change is necessary for the
binding of this residue. Cooperative interactions-in the
binding of adjacent residues have also been investigated and
in all cases examined no cooperativity was observed.
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Detection and Characterization of Intermediates in
the activation Process of Procarboxypeptidase B
from Porcine Pancreas

V. Villegas, M. Salva, S. Ventura, A.Guasch, J.Vendrell & F.X. Avilés

Dpt. Biochemistry and Molecular Biology (Faculty of Sciences) and
Institute of Fundamental Biology , Autonomous University of Barcelona,
08193 Bellaterra (Barcelona), Spain.

Porcine procarboxypeptidase B (PCPB) is activated when trypsin produces a
single cleavage at the boundary between the activation region (residues 1-95) and the
carboxypeptidase B (CPB) region.  Subsequently, a definite sequence of cleavages
occurs at the C-terminal of the released activation segment giving rise to severa!
intermediary fragments (Fx) and, finally, to a proteolitically resistant globular peptide (F3,
residues 1-81). The high speed at which this process takes place hindered the isolation
of all of these fragments, some of which were predicted on the basis of the sequence of the
protein and on the overall effects [1].

By addition of specific inhibitors of carboxypeptidases, which allowed to
partially freeze the above process, we have confirmed that the released CPB participates
in the shortening of the activation segment and its derivatives (Fx), all of which were
isolated. Both organic and peptidic inhibitors have been used to detect derivatives that
act like a substrate for CPB and their products ( F1a, F1b, F1g, F1d, F2a, F2b, F3, F4 and
F5).

A comparative analysis of the activation processes of porcine monomeric
procarboxypeptidases A and B (PCPA and PCPB) is made on the basis of the above
studies, and on the light of the recently solved crystal tertiary structures of both
proenzymes [2] and of the NMR structure of the globular activation domain from the former
[3]. According to these, the protein segment connecting the globular activation domain
and the active enzyme is folded in a a-helix (longer in the A than in the B form) which
tightly binds to the enzyme.  After the first trypsin cut at the N-termina!l end of the enzyme
region, the generated carboxypeptidase quickly trims the C-terminal of the activation
segment, probably in an intermolecular mechanism. In the case of PCPB, the trimming
promotes the dissociation of the remaining activation fragment -probably by the unfolding
of the helical connecting segment- and the appearance of full carboxypeptidase activity.
In contrast, in the case of PCPA, the removal of the C-terminal residue of the primary
activation fragment only decreases by ~ 50% its affinity to the carboxypeptidase moiety,
and the subsequent and slow action of trypsin is required to complete the activation.

[t} Burgos F.J., SalvaM., Villegas V., SorianoF., MendezE. & Avilés F.X. (1991) Biochemistry 30,
4282- 4089.
{2)- CollM., GuaschA. Avilés F.X. & HuberR. (1991) EMBOJ. 10, 1-9.

[3l-Vendrell J., Billeter M., Wider G., Avilds F.X. & Withrich K. (1991) EMBO J. 10, 11-15.
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CONCLUDING REMARKS

Francesc X. Avilés

Departament de Bioguimica and Institut de Biologia Fonamental, Universitat Auténoma de
Barcelona, 08193 Bellaterra (Barcelona), Spain.

One of the most evident conclusions that can be drawn from the meeting is that
proteases are still in the leading front of the research in molecular biology.  Proteases not
only played a key role in the stablishment of the foundations of enzyme conformation an
mechanisms of action, but are providing in nowadays a solid ground for the development of
new methodological approaches -such as protein enginneering and drug design- and for the
obtention of an integrated view of biochemical regulation through protein processing and
turnover. They are used as elaborate models for structure- function relationship studies, and
many new proteolytic enzymes and inhibitors are isolated, cloned and found to be involved in
a pletora of biochemical processes and in their regulation.

The opening talk of Prof. Neurath stressed this wide span of the research on proteases
and the fertility of its contribution to molecutar biology : from the initial crystallizations of
pancreatic proteases and inhibitors at the end of the first third of our century to today's
understanding of the role of proteolysis in problems of great social impact, such as
carcinogenesis, viral infection, connective tissue degradation and anaphylactic reactions. He
and other speakers also pointed out the importance and activity of the research on intracellular
and tissular proteases (lysosomal, granulocyte and membrane bound proteases , and
proteases of specialized tissues) in higher eukaryotes.

Another of the recurrent topics in the meeting were the mechanisms for the regulation of
protease action. Clearly, the use of milder and faster methods for protease isolation and the
wealth of structural information derived from DNA cloning, allowed to recently detect and
characterize an increasing number of zymogens. Many precursor processing proteases and
several proteolytic cascades have also been characterized. At this respect, the own and
reviewed results presented by several speakers on the coagulation cascade, on the detailed
structure of several of its components, and on the design of antithrombotic and hemolytic
drugs, were impressive. However, important questions related to zymogen activation still
await clarification, particularly for those isolated in the last years or in minute quantities, such
as many non-digestive zymogens.

The work on the alternative method for protease regulation, the interaction with
inhibitors, was shown to be one of the most active in this field : from the characterization,
DNA cloning and engineening of several new inhibitors -with an outstanding presence of
those of cysteine proteinases- to the already traditional use of protease inhibitors as smali
models for protein structure-redesign and protein dynamics studies, and to the biomedical
applications. Well selected and attractive exemples on the last issue were presented,
particulariy on the use of the measurements of proteases and inhibitors levels as a precise
diagnostic and prognostic tool in polytraumatic patients.  Also, on the administration of
inhibitors (such as those of PMN elastase and thrombin) as therapeutic drugs in pulmonar
emphysema and septicema, among other clinical cases.

The intracellular regulatory role of proteases and inhibitors was further stressed in
different talks about their potential involvement in signal transduction (calpain-calpastatin,
KSMP), on the characterization of membrane-located peptidases (ectopeptidases) and on the
properties of several precursor and peptide -processing proteases (endopeptidase 24.11,
carboxypeptidase E and MC...). Also, an overview was presented on their involvement in
the controlled turnover of proteins (mainly cysteine proteinases and inhibitors).
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A significant fraction of the metting was devoted to plant proteinases and inhibitors, a
very active although still nascent field when compared to the research carried out in other
organisms, Emphasis was made on the studies on inhibitors of proteases in plants
(particularly solanacea, tobacco, and cereals) and on the wound or plague induction of them.

The potential biotechnological application of the derived information for the control of pests
was impressive and illustrated how basic research in this field is interlocked with applied
research.

Metalloproteases had an important representation, either for endopeptidases
(endopeptidase 2, endopeptidase 24.11, KSMP...) and for exopeptidases (amino- peptidases
N, A, P, W, carboxypeptidases P and M, carboxypeptidases A, B, E, MC..).
Three-dimensional information is only available in a few cases. Investigations on the
neuropeptide/ hormone processing carboxypeptidase E and on mast-cell carboxypeptidase
are anlightening the structural basis that allowed these enzymes to diverge from the
pancreatic parents and adquire structural or functional properties adapted to its peptide
processing function, such as the shift in optimum pH in the former case and the binding to
proteoglycans in the latter. Also, comparison of potential pro-pieces in these
carboxypeptidases favoured an interesting discussion about how they are regulated, and how
its activation differs from the activation processes described for pancreatic
procarboxypeptidases A and B, also treated in a subsequent talk.

It was also apparent that proteases (and precursos), inhibitors, and their complexes,
are among the proteins for which most detailed three-dimensional and dynamic information
has been obtained. Some outstanding examples were shown on the use of protease
inhibitors (BPTI in the first position, how not!) for the structural and dynamical characterization
of proteins in solution, and for the development of NMR as a method for protein determination
in this state.  Also, on the use of the same molecules for protein folding studies. Impressive
were also the examples on the structure-function characterization by X-ray crystallography of
isolated molecules or complexes shown for members of each of the main protease families
and complementary inhibitors : serine, aspartic, cysteine and metallo -proteases.

As previously commented, the enormous biochemical background collected for these
molecules over the years favours its selection for modern protein engineering studies and for
drug design. Thus, the generation of engineered forms of trypsin with a narrower specificity
than the wild forms or with the insertion of a metal switch that allows to regulate its activity in
the presence of absence of specific transition metals, were bright examples presented.
Also, the design of peptide or organic based inhibitors of renin, HIV proteinase and thrombin,
among others, of great biomedical potentiality. The closing conference of Prof. Huber,
elegantly summarized the present knowledge on the principles that govemn activation, activity
and inhibition of proteases, a difficult task given the massive information already available
and the tendency of nature to diversify.

In spite of the variety of topics, it must be admitted that some important issues in the
field were not treated or underrepresented in the meeting or treated only in the poster
sessions : proteases in prokaryotes and yeast, proteasomes, ubiquitin and ATP- dependent
proteases, connective tissue and matrix degrading proteases...etc , and many other related
with the pletora of organelles, specialized cells, tissues and organisms in which proteases and
inhibitors play a role in natural or pathological states. This justifies why meetings of different
structure, goals and size have to be organized in a field with such a tremendous vitality.
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diactivas en el atomo de hidrégeno.

Galian Jiménez, R.:
Teoria de la dimension.

Obreg6n Perea, J. M.
Deteccion precoz del hiporitoidismo
congénito.

Cacicedo Egues, L.:

Mecanismos moleculares de accion de
hormonas tiroideas sobre la regula-
cion de la hormona tirétropa.

Rodriguez Garcia, R.:
Caracterizacion de lisozimas de dife-
rentes especies.

Carravedo Fantova, M.:
Introduccién a las orquideas espa-
nolas.
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Martinez-Almoyna Rulian, C.:
Contribucién al estudio de la Manome-
tria ano-rectal en niflos normales y con
aletraciones de la continencia anal.

Marro, J.:

Dinamica de transiciones de fase: Teo-
ria y simulaciéon numérica de la evolu-
cion temporal de aleaciones metdlicas
enfriadas rapidamente.

Gracia Garcia, M.:
Estudio de ceramicas de interés ar-

queolégico por espectroscopia Moss-

bauer.

Garcia Sevilla, J. A.:

Receptores opiaceos, endorfinas y re-
gulacion de la sintesis de monoaminas
en el sistema nervioso central.

Rodriguez de Bodas, A.:

Aplicacion de la espectroscopia de
RPE al estudio conformacional del ri-
bosoma y el tRNA.

Aragén Reyes, J. L.

Interaccion del ciclo de los purin nu-
cleéticos con el ciclo del acido citrico
en musculo esquelético de rata duran-
te el ejercicio.

Genis Galvez, J. M.:
Estudio citolégico de la retina del ca-
maleén.

Segura Camara, P. M.:

Las sales de tiazolio ancladas a sopor-
te polimérico insoluble como cataliza-
dores en quimica orgdnica.

Vicent Lopez, J. L.:

Efectos anémalos de transporte eléc-
trico en conductores a baja tempera-
tura.

Nieto Vesperinas, M.:

Técnicas de prolongacién analitica en
el problema de reconstruccion del ob-
jeto en 6ptica.

Arias Pérez, J.:
Encefalopatia portosistémica experi-
mental.

Palanca Soler, A.:
Aspectos faunisticos y ecoldgicos de
carabidos altoaragoneses.

Vioque Cubero, B.: .
Estudio de procesos bioquimicos im-
plicados en la abscisién de la aceituna.
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Gonzélez Lopez, J.:
La verdadera morfologia y fisiologia de
Azoyobacter: células germinales.

Calle Garcia, C.:

Papel modulador de los glucocorticoi-
des en la poblacién de receptores para
insulina y glucagén.

Alberdi Alonso, M.2 T.:

Paleoecologia del yacimiento del Ne6-
geno continental de Los Valles de
Fuentiduena (Segovia).

Gella Tomas, F. J.:

Estudio de la fosforillasa kinasa de hi-
gado y leucocitos: purificacion, carac-
teristicas y regulacion de su actividad.

Margalef Mir, R.:

Distribucion de los macrofitos de las
aguas dulces y salobres del E. y NE.
de Espafna y dependencia de la com-
posicion quimica del medio.

Alvarez Fernandez-Represa, J.:
Reimplantacion experimental de la ex-
tremidad posterior en perros.

Tomas Ferré, J. M2

Secrecion y reutilizacion de trifosfato
de adenosina (ATP) por sinaptosomas
colinérgicos.

Ferrandiz Leal, J. M.:
Estudio analitico del movimiento de
rotacion lunar.

Rubié Lois, M.; Uriz Lespe, M.2 J. y Bibi-
loni Rotger, M.2 A.:

Contribucion a la fauna de esponjas
del litoral catalan. Esponjas comeas.

Velasco Rodriguez, V. R.:
Propiedades dinamicas y termodina-
micas de superficies de sélidos.

Moreno Castillo, 1.:
Ciclo anual de zooplancton costero de
Gijon.

Duran Garcia, S.: .
Receptores insulinicos en hipotalamo
de rata: localizacion subcelular y me-
canismo(s) de regulacion.

Martinez Pardo, R.:

Estudio del mecanismo secretor de
hormona juvenil en oncopeltus fascia-
tus.
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Garcia Jiménez, J.:
Fusariosis del gladiolo: un estudio pre-
liminar.

Fernandez Alaez, C.:
Analisis estructural en sabinares de la
provincia de Leén.

Furio Egea, J.:

Citokinas en agrios. Actividades endo-
genas, efectos fisiolégicos y aplicacio-
nes.

Moreno Rodriguez, J. M.:

Estudios ecolégicos en jarales {cistion
laurofilii): Variaciéon anual de algunos
factores del entorno y manifestaciones
fenologicas.

Pons Vallés, M.:
Estudios espectroscépicos de fosfoli-
pidos polimerizables.

Herrero Ruiz de Loizaga, V. J.:

Estudio de reacciones quimicas por
haces moleculares. Aplicacion a la
reaccion C,H,Br + K Brk + C,H..

Martin Garcia, V. S.:

Utilizacion sintética en quimica organi-
ca de metales pesados como cataliza-
dores. Oxidacion asimétrica.

Badia Sancho, A.:
Receptores presinapticos en el con-
ducto deferente de rata.

Estévez Toranzo, A.:

Supervivencia de patégenos bacteria-
nos y virales de peces en sistemas de
cultivo.

Lizarbe iracheta, M.2 A.:
Caracterizacion molecular de las es-
tructuras de colageno.

Lépez Calderon, |.:

Clonacion de genes de «Saccharomy-
ces cerevisiae» implicados en la repa-
racion y la recombinacion.

Ayala Serrano, J. A.:

Mecanismo de expresion de la PBP-3
de «E. coli»: Obtencion de una cepa hi-
perproductora de la proteina.

Genetic Strategies in Development.
Symposium in honour of Antonio Garcia
Bellido. Lectures by S. Ochoa, S. Bren-
ner, G. S. Stent, E. B. Lewis, D. S. Hog-
ness, E. H. Davidson, J. B. Gurdon and
F. Jacob.
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Course on Genome Evolution.
Organized by E. Vifiuelas. Lectures by R.
F. Doolittle, A. M. Weiner/N. Maizels, G.
A. Dover, J. A. Lake, J. E. Walker, J. J.
Beintema, A. J. Gibbs, W. M. Fitch, P. Pa-
lese, G. Bernardi and J. M. Lowenstein.

Workshop on Tolerance: Mechanisms
and implications.

Organized by P. Marrack and C. Marti-
nez-A. Lectures by H. von Boehmer, J.
W. Kappler, C. Martinez-A., H. Wald-
mann, N. Le Douarin, J. Sprent, P. Mat-
zinger, R. H. Schwartz, M. Weigert, A.
Coutinho, C. C. Goodnow, A. L. DeFran-
co and P. Marrack.

Workshop on Pathogenesis-related
Proteins in Plants.

Organized by V. Conejero and L. C. Van
Loon. Lectures by L. C. Van Loon, R. Fra-
ser, J. F. Antoniw, M. Legrand, Y. Ohashi,
F. Meins, T. Boller, V. Conejero, C. A.
Ryan, D. F. Kiessig, J. F. Bol, A. Leyva
and F. Garcia-Oimedo.

Beato, M.:
Course on DNA - Protein Interaction.

Workshop on Molecular Diagnosis of
Cancer.

Organized by M. Perucho and P. Garcia
Barreno. Lectures by F. McCormick, A.
Pelticer, J. L. Bos, M. Perucho, R. A.
Weinberg, E. Harlow, E. R. Fearon, M.
Schwab, F. W. Ait, R. Dalla Favera, P. E.
Reddy, E. M. de Villiers, D. Slamon, |. B.
Roninson, J. Groffen and M. Barbacid.

Lecture Course on Approaches to Plant
Development.

Organized by P. Puigdoménech and
T. Nelson. Lectures by I. Sussex, R. S.
Poethig, M. Delseny, M. Freeling, S. C. de
Vries, J. H. Rothman, J. Modolell, F. Sala-
mini, M. A. Estelle, J. M. Martinez Zapater,
A. Spena, P. J. J. Hooykaas, T. Nelson,
P. Puigdoménech and M. Pageés.

Curso Experimental de Electroforesis
Bidimensional de Alta Resolucién.
Organizado por Juan F. Santarén. Semi-
narios por Julio E. Celis, James |. Garrels,
Joél Vandekerckhove, Juan F. Santarén
y Rosa Assiego.

Workshop on Genome Expression and
Pathogenesis of Plant RNA Viruses.

Organized by F. Garcia-Arenal and P. Pa-
lukaitis. Lectures by D. Baulcome, R. N.
Beachy, G. Boccardo, J. Bol, G. Bruening,
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J. Burgyan, J. R. Diaz Ruiz, W. G. Dou-
gherty, F. Garcia-Arenal, W. L. Gerlach,
A. L. Haenni, E. M. J. Jaspars, D. L. Nuss,
P. Palukaitis, Y. Watanabe and M. Zaitlin.

Advanced Course on Biochemistry and
Genetics of Yeast.

Organized by C. Gancedo, J. M. Gance-
do, M. A. Delgado and 1. L Calderén.

Workshop on The Reference Points in
Evolution.

Organized by P. Alberch and G. A. Dover.
Lectures by P. Alberch, P. Bateson, R. J.
Britten, B. C. Clarke, S. Conway Morris,
G. A. Dover, G. M. Edelman, R. Flavell,
A. Fontdevila, A. Garcia-Bellido, G. L. G.
Miklos, C. Milstein, A. Moya, G. B. Mdiller,
G. Oster, M. De Renzi, A. Seilacher,
S. Stearns, E. S. Vrba, G. P. Wagner,
D. B. Wake and A. Wilson.

Workshop on Chromatin Structure and
Gene Expression.

Organized by F. Azorin, M. Beato and
A. A. Travers. Lectures by F. Azorin, M.
Beato, H. Cedar, R. Chalkley, M. E. A.
Churchill, D. Clark, C. Crane-Robinson,
J. A. Daban, S. C. R. Elgin, M. Grunstein,
G. L. Hager, W. Horz, T. Koller, U. K.
Laemmii, E. Di Mauro, D. Rhodes, T. J.
Richmond, A. Ruiz-Carrillo, R. T. Simpson,
A. E. Sippel, J. M. Sogo, F. Thoma, A. A.
Travers, J. Workman, O. Wrange and
C. Wu.

Lecture Course on Polyamines as mo-
dulators of Plant Development.
Organized by A. W. Galston and A. F. Ti-
burcio. Lectures by N. Bagni, J. A. Creus,
E. B. Dumbroff, H. E. Flores, A. W. Galston,
J. Martin-Tanguy, D. Serafini-Fracassini,
R. D. Slocum, T. A. Smith and A. F. Tibur-
cio.

Workshop on Flower Development.
Organized by H. Saedler, J. P. Beltran and
J. Paz Ares. Lectures by P. Albersheim,
J. P. Beltran, E. Coen, G. W. Haughn, J.
Leemans, E. Lifschitz, C. Martin, J. M.
Martinez-Zapater, E. M. Meyerowitz, J.
Paz-Ares, H. Saedler, C. P. Scutt, H.
Sommer, R. D. Thompson and K. Tran
Thahn Van.
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Workshop on Transcription and Repli-
cation of Negative Strand RNA Viruses.
Organized by D. Kolakofsky and J. Ortin.
Lectures by A. K. Banerjee, M. A. Billeter,
P. Collins, M. T. Franze-Fernandez, A. J.
Hay, A. Ishihama, D. Kolakofsky, R. M.
Krug, J. A. Melero, S. A. Moyer, J. Ortin,
P. Palese, R. G. Paterson, A. Portela, M.
Schubert, D. F. Summers, N. Tordo and
G. W. Wertz.

Lecture Course Molecular Biology of
the Rhizobium-Legume Symbiosis.
Organized by T. Ruiz-Arglieso. Lectures
by T. Bisseling, P. Boistard, J. A. Downie,
D. W. Emerich, J. Kijne, J. Olivares,
T. Ruiz-Argueso, F. Sanchez and H. P.
Spaink.

Workshop The Regulation of Transla-
tion in Animal Virus-Infected Celis.
Organized by N. Sonenberg and L. Ca-
rrasco. Lectures by V. Agol, R. Bablanian,
L. Carrasco, M. J. Clemens, E. Ehrenfeld,
D. Etchison, R. F. Garry, J. W. B. Hershey,
A. G. Hovanessian, R. J. Jackson, M. G.
Katze, M. B. Mathews, W. C. Merrick, D.
J. Rowlands, P. Sarnow, R. J. Schneider,
A. J. Shatkin, N. Sonenberg, H. O. Voor-
ma and E. Wimmer.

Lecture Course on the Polymerase
Chain Reaction.

Organized by M. Perucho and E. Martinez-
Salas. Lectures by D. Gelfand, K. Hayashi,
H. H. Kazazian, E. Martinez-Salas, M. Mc
Clefland, K. B. Mullis, C. Oste, M. Perucho
and J. Sninsky.

Workshop on Yeast Transport and
Energetics. .
Organized by A. Rodriguez-Navarro an
R. Lagunas. Lectures by M. R. Chevallier,
A. A. Eddy, Y. Eilam, G. F. Fuhrmann, A.
Goffeau, M. Hofer, A. Kotyk, D. Kuschmitz,
R. Lagunas, C. Ledo, L. A. Okorokov, A.
Pena, J. Ramos, A. Rodriguez-Navarro,
W. A. Scheffers and J. M. Thevelein

Workshop on Adhesion Receptors in
the Immune System.

Organized by T. A. Springer and F. San-
chez-Madrid. Lectures by S. J. Burakoff,
A. L. Corbi-Lépez, C. Figdor, B. Fune, J.
C. Gutiérrez-Ramos, A. Hamann, N. Hogg,



L. Lasky, R. R. Lobb, J. A. Lopez de Cas-
tro, B. Malissen, P. Moingeon, K. Okumu-
ra, J. C. Paulson, F. Sanchez-Madrid, S.
Shaw, T. A. Springer, T. F. Tedder and A.
F. Williams.
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