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Evolution of Proteolytic Enzymes

Complex molecules, such as the pro-
teins, are the products of evolutionary
processes in which, according to Jacob
(1), ‘‘constraints, at every level, specify
the rules of the game and define what is
possible with these systems; and histori-
cal circumstances determine the actual
course of events.”’ Proteolytic enzymes,

Hans Neurath

biological evolution proceeded from the
relatively simple to the more complex
levels of organization, one would expect
that in the course of evolutionary devel-
opment, the very proteases that original-
ly served purely digestive functions have
adapted to the more specific and com-
plex tasks of physiological regulation (3).

Summary. Proteolytic enzymes have many physiological functions, ranging from
generalized protein digestion to more specific regulated processes such as the
activation of zymogens, blood coagulation and the lysis of fibrin clots, the release of
hormones and pharmacologically active peptides from precursor proteins, and the
transport of secretory proteins across membranes. They are present in all forms of
living organisms. Comparisons of amino acid sequences, three-dimensional struc-
tures, and enzymatic reaction mechanisms of proteases indicate that there are
distinct families of these proteins. Changes in molecular structure and function have
accompanied the evolution of proteolytic enzymes and their inhibitors, each having
relatively simple roles in primitive organisms and more diverse and more complex

functions in higher organisms.

or proteases, are enzymes that catalyze
the cleavage of peptide bonds in other
proteins. They are presumed to have
arisen in the earliest phases of biological
evolution since even the most primitive
organisms must have required them for
digestion and for the metabolism of their
own proteins. In fact, present digestive
proteases can be shown to have a com-
mon ancestry with those of microbial
origin, and they are considered to have
originated some billion years ago (2). If
one accepts the generally held view that
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In this process, they acquired a higher
degree of specialization by restricting
their action to a select number of peptide
bonds located at specific sites in specific
protein substrates. Such limited proteol-
ysis does not destroy the protein sub-
strate altogether but modifies its proper-
ties and physiological role. Many biolog-
ical processes are regulated by this type
of protease action, for example, blood
coagulation and fibrinolysis, the release
of protein hormones from precursor mol-
ecules, the transport of secretory pro-
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teins across membranes, the assembly of
macromolecular structures such as colla-
gen fibers or certain viruses, fertiliza-
tion, and the control of proteolytic diges-
tion itself (3). In this article, I examine
the changes in molecular structure that
have accompanied the evolution of pro-
teolytic enzymes from primitive orga-
nisms, serving relatively primitive func-
tions, to the diverse and more complex
functions that they fulfill in higher orga-
nisms including man.

Proteolytic enzymes are not only a
physiological necessity but also a poten-
tial hazard, since, if uncontrolled, they
can destroy the protein components of
cells and tissues. Hence a discussion of
protease evolution necessitates a consid-
eration of the mechanisms whereby the
action of proteolytic enzymes them-
selves is regulated. Two principal regula-
tory mechanisms, serving the same end,
have been devised by nature: (i) activa-
tion of inactive protease precursors (zy-
mogens) by limited proteolysis (4) and
(ii) inactivation of proteases by forming
complexes with protein. inhibitors (5).
The physiological importance of both
mechanisms has been demonstrated in
certain disease states that are related to
deficiencies of functional zymogens or
protease inhibitors, respectively. For in-
stance, several types of familial hemo-
philias are due to deficiencies of one or
the other of plasma proteases that nor-
mally activate zymogens in the blood
coagulation cascade (6). In another case,
familial emphysema, a genetic mutation
in a;-inhibitor impairs its secretion from
the liver, resulting in abnormally low
plasma concentrations and consequently
in destruction of connective tissue of the
pulmonary alveoli by leukocyte elastase
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Peptide Bond Cleavage

The basic function of proteases is the
cleavage of peptide bonds. There are
only a few ways in which this can be
accomplished under physiological condi-
tions. The most common mechanism is
the polarization of the peptide bond by
nucleophilic attack on the carbon-oxy-
gen bond (either directly or mediated by
a water molecule) assisted by the dona-
tion of a proton to the peptide nitrogen
(Fig. 1). In proteolytic enzymes, certain
amino acid residues fulfill the functions
of nucleophiles and others act as proton
donors. Each group or family of prote-
ases has its characteristic set of such
functional amino acid residues arranged
in a particular configuration to form the
active site (Table 1). Members of a fam-
ily are generally believed to have
evolved from a common ancestor (8).
However, the serine proteases include
two distinct families and these families
presumably have evolved independently
from each other; for example, the mam-
malian serine proteases (such as chymo-
trypsin) differ from certain bacterial ser-
ine proteases (such as subtilisin) in ami-
no acid sequence and three-dimensional
conformation to the extent that common
ancestry is not likely (9). Analogously,
the mammalian pancreatic carboxypepti-
dases and the bacterial enzyme thermo-
lysin, each containing a catalytic indis-
pensable zinc atom, have similar active-
site configurations but bear no other
structural or evolutionary relation to
each other (10). Many other protease
families exist, such as the aminopepti-
dases (1), the collagenases (12), and the
calcium-activated proteases (/3); howev-
er, classification in terms of structure
and mechanism of action remain to be
elucidated.

Evolution

In general, proteins are said to have
arisen from a common ancestor by diver-
gent evolution if they have similar func-
tions, similar active sites, similar amino
acid sequences, and similar three-dimen-
sional structures (/4). Proteins that are
the products of convergent or indepen-
dent evolution also have similar func-
tions and usually similar active sites, but
they have dissimilar amino acid se-
quences and dissimilar three-dimension-
al structures. Examples of well-charac-
terized proteins that are products of di-
vergent evolution are the cytochrome ¢
family (/5), the globins (/6), the mamma-
lian serine proteases, and the more re-
cently studied cyclic nucleotide-depen-
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Fig. 1. Mechanism of peptide bond cleavage
by attack on the carbonyl carbon atom C by a
nucleophile, N: or by a base B: through a
water molecule, assisted by the donation of a
proton through a donor AH to the peptide
nitrogen. In proteases, various amino acid
side chains fulfill the functions of nucleophiles
and proton donors (see Table 1).

dent protein kinases (/7). Other proteins
appear to be so distantly related to each
other that similarities in amino acid se-
quences and three-dimensional structure
are barely discernible. For instance,
Matthews (/8), Steitz (/9), and their as-
sociates have determined the structure
of two DNA binding proteins: the cro
protein which acts as a repressor of
bacteriophage lambda by preventing the
transcription by RNA polymerase, and
the catabolite activator protein (CAP)
of Escherichia coli which activates tran-
scription by RNA polymerase (but can
also act as a repressor). These two pro-
teins have dissimilar amino acid se-
quences and dissimilar three-dimension-
al structures except for a segment in
each, composed of a domain of two
helical segments, which shows striking

structural homology. This is believed to
represent the ‘‘active site’’ that binds to
the DNA. Partial three-dimensional simi-
larity also exists among three lysozymes
that hydrolyze glycosidic linkages in
polysaccharides. Thus hen egg-white ly-
sozyme, bacteriophage T4 lysozyme,
and, as recently reported (20), goose egg-
white lysozyme show no similarities in
amino acid sequence. They have a com-
mon partial structure, which includes the
catalytically active site; but each has
also a structural component that has no
counterpart in any of the other species.
Common ancestry or convergence could
account for the observed relationships
but the exact pathway of evolution is
unknown.

Sometimes, discoveries of evolution-
ary relationships are the result of seren-
dipity, as in the case of hen egg-white
lysozyme and a-lactalbumin, whose se-
quences are homologous but their phys-
iological functions differ (21). Lactalbu-
min has no catalytic activity of its own
but alters the specificity of galactosyl-
transferase so as to produce lactose in-
stead of N-acetyllactosamine. At times,
proteins of similar functions are found in
such widely different organisms that it is
indeed surprising to find a homologous
relation between them. An example is
the recent discovery (22) that the plant
enzyme papain and the mammalian lyso-
somal enzymes cathepsin B and H show
a high degree of sequence identity. If we
allow for deletions and insertions, the
peptide chains of the two cathepsins
seem to fit the known three-dimensional
structure of papain. The evolutionary
pathway leading from a common ances-
tor to the plant and mammalian enzymes

Table 1. Families of proteolytic enzymes.

Family*

Representative proteases

Characteristic active
site residuest

Serine proteases | Chymotrypsin (27)
Trypsin (27)

Elastase (27)

Asp'®, Ser'®s, His®’

Pancreatic kallikrein (28)

Serine proteases II Subtilisin (70)

Papain (71)
Actinidin (72)

Sulfhydryl proteases

Asp*?, Ser??!, His®*
Cyst, HislS’)‘ Aspl58

Rat liver cathepsins B and H (22)

Acid proteases
Pepsin (74)

Penicillopepsin (73)

ASp”, Asp;’lJ

Rhizopus chinesis (75) and Endothia
parasitica (76), acid proteases

Renin (77)
Metalloproteases I

Bovine carboxypeptidases A (78)

Zn, Glu?™®, Tyr?

and B (79)

Metalloproteases 11 Thermolysin (80)

Zn, Glu'#, His?*'

*This table includes only enzymes of known amino acid sequence and three-dimensional structure, except for
rat liver cathepsins B and H, for which the three-dimensional structure has been surmised by analogy to that

of papain (22).
enzymes listed in column 2.

+The numbering of residues corresponds to the amino acid sequence of the underlined
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is unknown. In other instances, proteins
fulfill analogous function in various phy-
la and species, and the evolutionary rela-
tionships derived from structural analy-
sis at the molecular level agree with the
phylogenetic relationship derived from
taxonomical evidence. This was original-
ly shown to be true of cytochrome c (15),
the myoglobin-hemoglobin group (16),
and the fibrinopeptides (23); it also ap-
plies to proteolytic enzymes (24). More
recently, Robert Zwilling of the Univer-
sity of Heidelberg and our laboratory
have attempted to fill the gap in the
evolutionary history of trypsin by deter-
mining the amino acid sequence of an
analogous protease originating in the he-
pato-pancreas of the crayfish (Astacus
fluviatilis), an invertebrate species con-
sidered to be on the evolutionary path-
way from which decapode crustacea and
mammals diverged some 700 million
years ago (25). The amino acid sequence
of the invertebrate enzyme shows ap-
proximately 40 percent identity with that
of bovine trypsin on one hand and a
trypsin of microbial origin (Streptomyces
griseus) on the other. All functional ami-
no acid residues of bovine trypsin are
found in analogous positions in the inver-
tebrate and bacterial enzymes. Hence,
crayfish trypsin may be considered a
missing link between prokaryotic and
vertebrate serine proteases. Comparison
of bovine and crayfish carboxypeptidase
B reveals a similar relationship in amino
acid sequence, suggesting that trypsin
and carboxypeptidase B, acting in tan-
dem, have evolved together at similar
rates (26).

A

Streptokinase gene with amino N
acid residue numbers .

Streptokinase structure

Evolution of Functions

Of greater interest and significance are
those evolutionary changes in the DNA
that give rise to proteases of altered
specificities and thus serve new physio-
logical functions. The most common
evolutionary mechanism giving rise to
new functions is that of gene duplication,
whereby the duplicated gene undergoes
mutations while the original gene contin-
ues to code for the existing protein and
preserves its function. An alternative
route of evolution is the rearrangement
and fusion of gene segments, producing
hybrids containing portions of the coding
elements of two, often unrelated, pro-
teins. A typical example of gene duplica-
tion is seen in the family of pancreatic
serine proteases—trypsin, chymotryp-
sin, elastase, and thrombin. These four
enzymes have evolved from the same
archetype, and the differences in their
specificity can be ascribed primarily to
changes in the amino acid residues that
line the so-called tosyl pocket, namely,
the part of the active site that binds the
amino acid side chain which contributes
the carboxyl group to the susceptible
peptide bond in protein substrates (27).
Such substitutions are the result of point
mutations in the genomic DNA. X-ray
structure analyses of pancreatic trypsin,
chymotrypsin, elastase (27), and that re-
cently reported for pancreatic kallikrein
(28)—a trypsin-like enzyme that releases
vasodepressor peptides (kinins) from
larger protein precursors—demonstrate
three-dimensional homology among all
of them.

Gene fusion

\J

174 230 245

Homologous to serine proteases

(left) and gene duplication

Internal homologous areas
Postulated deletion
Putative “leader” sequence ———-

(ieft) and duplicated “leader”
sequence (right)

B Mutations Duplication

Depletion

Genes C—— —p - = - =

[
0d..

Proteins

)

|
w3

Serine protease Nonprotease Nonprotease Ancestral Streptokinase
plasminogen plasminogen streptokinase
activator activator

Fig. 2. Proposed scheme of the evolution of streptokinase gene and protein. (A) Homologous
sequences (solid lines) and (B) the suggested evolution of the streptokinase gene and protein.
The original structural gene, coding for the ancestral protease probably corresponded to the
amino-terminal 230 residues of streptokinase. Duplication and fusion of the gene gave rise to an
ancestral streptokinase and deletions from the carboxyl-terminal half of about 55 residues and
of 15 residues from the interior produced a molecule similar to the current streptokinase
molecule. The replacement of histidine at the active site by a nonfunctional glycine residue
rendered streptokinase inactive as a serine protease. [Courtesy of Biochemistry (45)]
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More profound changes in structure
and specificity accrue from the addition
or deletion of DNA segments to or from
the original gene. This is seen generally
when proteases that fulfill regulatory
functions are compared to those serving
primarily digestive purposes. Regulatory
serine proteases usually contain two
polypeptide chains instead of one. One
of them displays sequence homology to
digestive serine proteases (such as tryp-
sin) and contains the catalytically func-
tional amino acid residues. The other
chain has no counterpart in the more
primordial proteases. This is true of en-
terokinase, a large, regulatory protease
of the brush border of the small intestine,
whose sole function is the conversion of
trypsinogen to trypsin. This enzyme rec-
ognizes the tetra-aspartyl sequence Val-
Asp-Asp-Asp-Asp-Lys- - - in the amino
terminus of trypsinogen and cleaves the
lysyl bond during activation. The same
bond can also be split by trypsin, but
1000 times more slowly because the
same four aspartic acid residues that are
required for the recognition by enteroki-
nase have a retarding effect on trypsin
(29). Two-chain structures are also char-
acteristic of the regulatory proteases that
participate in the blood coagulation pro-
cess (as discussed below).

Regulatory serine proteases that have
evolved from a common archetype vary
in size and complexity. Analysis for ho-
mology indicates a common evolution-
ary origin, including the digestive pan-
creatic proteases, the hepatic blood co-
agulation proteases (30), and the more
recently characterized granulocyte pro-
teases, such as those found in leukocytes
and mast cells (3/). The acrosomal en-
zyme from the sperm (32) and certain
proteases of the complement system (33)
belong to the same family.

Zymogen Activation

One naturally occurring mechanism
for inhibiting the activity of a nascent
protease is the addition of an amino-
terminal extension to the genome of the
protease. Proteolytic cleavage of the
peptide bond between the activation
peptide and the enzyme essentially re-
verses this evolutionary addition and re-
stores enzymatic activity (4). Although
the basic principles of the chemical
changes in covalent structure responsi-
ble for zymogen activation were estab-
lished some 30 years ago (34), the fine
details of the attendant conformational
changes are still not fully understood.
The structural changes that accompany
the zymogen-enzyme conversion are
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barely within the resolving power of in-
strumentation, such as x-ray analysis,
nuclear magnetic resonance spectrosco-
py, or neutron scattering. The most that
can be said in a generalized way is that
the zymogen lacks the structural attri-
butes required for formation of the en-
zyme-substrate complex or for the com-
plex to reach the transition state (35).

The size, amino acid composition, and
sequence of the activation peptides of
homologous enzymes such as the serine
proteases can vary over wide limits. The
activation peptides of trypsins of various
species are homologous, but those of
the homologous serine proteases, chy-
motrypsin, elastase, and thrombin
are different (36). Even in the case of
the two rat elastases, which have 58
percent sequence identity, the corre-
sponding activation peptides show no
similarity to each other (37). In the ex-
treme, the activation peptides of ho-
mologous serine proteases may be as
short as six amino acid residues (for
example, bovine trypsinogen), whereas
in others they may exceed the size of the
enzyme itself, as in prothrombin (320
residues) (38) or in plasminogen (560
residues) (39).

The physiological role of the activa-
tion peptide, if any, is not well under-
stood. In many cases, as in trypsinogen,
chymotrypsinogen, or proelastase, it is
probably without function and once re-
moved can be considered a throwaway
piece. In the case of porcine procarboxy-
peptidase A, it has been claimed that the
~100-residue activation peptide consti-
tutes a domain of its own and after
isolation is a potent inhibitor of carboxy-
peptidase A (40). In the case of the more
complex enzymes involved in blood co-
agulation or fibrinolysis, that is, throm-
bin, plasmin, and urokinase, the nonpro-
tease regions of the respective zymogens
are involved in interactions with cofac-
tors required for the activation of the
corresponding zymogens (30). Plasmino-
gen, tissue plasminogen activator, and
prothrombin contain triple-loop, three-
disulfide-bridge structures in their non-
protease segments.

These so-called ‘‘kringles’’ (38) (five
in plasminogen, two in prothrombin)
show an even greater degree of homolo-

Phase Zymogen Activation Inhibition
» Protease \
x
10 (Signal transduction) X Xa-—\ixa = Iy

Protease,

11° (Amplification) Y Ya'——;_:Ya =y

11° (Expression) z Active protein

Fig. 3. Generalized scheme of consecutive
zymogen activation reactions (cascade) and
their control by proteases and protease inhibi-
tors. The zymogens (X, Y, and Z) are activat-
ed sequentially in processes such as blood
coagulation. Protease intermediates (X,, Y,)
may be inactivated by specific protease inhib-
itors (I, I,) to limit their action. A physiologi-
cal signal (*) initiates the cascade by convert-
ing X to X,. [Courtesy of the Proceedings of
the National Academy of Sciences U.S.A.
&))

gy to each other than do the correspond-
ing proteases, and each kringle is be-
lieved to constitute an independent sub-
structure, or domain (47). It has been
suggested that in the genomic DNA the
intervening sequences or introns occur
at splicing junctions coding for domains
(42). However, there is no relation of the
11 introns in the genomic DNA of pro-
thrombin to the presumed domain struc-
ture of the zymogen (43). In another
case, that of rat preproelastase (44), no
correlation could be discerned between
the intron-exon distribution of the geno-

mic DNA and the domains circum-
scribed by the signal peptide, the activa-
tion peptide, and the enzyme, respec-
tively.

While the activation of zymogens by
the cleavage of a specific peptide bond is
the rule, some zymogens become acti-
vated by forming strong stoichiometric
complexes with nonprotease proteins,
which, in a second, bimolecular reaction
activate another zymogen molecule. Ex-
amples of that type are the interaction
of plasminogen with streptokinase or
staphylokinase, or the activation of pro-
thrombin by reaction with staphylocoag-
ulase (39). Although neither streptoki-
nase nor staphylokinase is a protease,
the amino-terminal 245 residues of the
415-residue polypeptide chain shows se-
quence homology to several serine pro-
teases (45), including trypsin and S. gri-
seus proteases A and B. Streptokinase is
enzymatically inactive because His*’ of
the catalytic triad is replaced by glycine,
whereas Asp'® and Ser'®® are at the
required positions. Streptokinase also
shows sequence homology between the
173 amino-terminal residues and a car-
boxyl-terminal 162-residue region, sug-
gesting that the molecule arose by gene
duplication and fusion (in Fig. 2), which,
in turn, suggests a mechanism of its
evolution.

Surface
HMW Kininogen (76)
Kallikrein
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Fig. 4. Schematic representation of the blood coagulation cascade. The intrinsic pathway (left)
and extrinsic pathway (right) converge at factor X,. The recently discovered zymogen of
protease C which upon activation specifically inactivates cofactors V and VIII has been
omitted. Each reaction preceding the fibrinogen-fibrin conversion represents the activation of a
zymogen of a serine protease, as indicated by the arrows. Each bar denotes a polypeptide chain
proportional in length to its mass, indicated in kilodaltons below the bar. The clamps above the
bars denote disulfide bonds. Activation produces two fragments from each zymogen chain.
Those on the right-hand side contain the active site and are homologous to pancreatic trypsin.

[Courtesy of Elsevier/North-Holland (65)]
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Cascades

Zymogen activation is of particular
interest and physiological importance
when it occurs in a series of consecutive
reactions, or cascades. Such reactions
occur with exquisite specificity in that
the protease generated in the first step
activates the zymogen in the next (3).
Cascades constitute enzymatic amplifi-
cation systems that can be further con-
trolled by protease inhibitors that com-
bine with the newly generated protease
to assure that its action is limited to a
pulse long enough to activate the next
zymogen but short enough to avoid gen-
eralized proteolysis (Fig. 3). A typical
example of a cascade is the process of
blood coagulation (30). The intrinsic

pathway, designated in this way because
all the proteins and cofactors are found
in the blood plasma, includes 11 zymo-
gen activation reactions; the extrinsic
pathway requires the participation of tis-
sue factors and involves three consecu-
tive zymogen activation reactions, plus
the recently discovered zymogen of pro-
tease C, which upon activation, specifi-
cally inactivates cofactors V and VIII
(46) (Fig. 4). The cascade is initiated in a
complex reaction at solid surfaces. For
example, the vascular basement mem-
brane is the site of conversion of prekal-
likrein to kallikrein, which, in combina-
tion with the same complex, activates
factor XII, the first zymogen in the cas-
cade. The cascade terminates when fi-
brinogen is converted to fibrin, with sub-

Table 2. Proteinase inhibitors in human plasma (60).

Concen- Molecular Polypeptide Reactive

Inhibitor tration mass chains sites

(mg/100 ml) (kD) (No.) (No.)
a;-Proteinase 290 52 1 1
a-Antichymotrypsin 50 69 1 1
Inter-a,-trypsin 50 160 1 2
ay-Antiplasmin 7 70 1 1
Antithrombin III 24 65 1 1
Cl-Inactivator 24 70 1 1
a-Macroglobulin 260 720 4 2

Factor IX (55,400)

Factor X (17,000 and

38,000)

Prothrombin (64,000)

Trypsin (24,000)

'
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Fig. 5. Schematic comparison of the zymogens of four mammalian (bovine) serine proteases,
that is, factor IX, factor X, prothrombin, and trypsinogen. The length of each bar is
proportional to the actual length of each polypeptide chain. Wrinkles and loops are included to
indicate adjustments required to place homologous amino- and carboxyl-terminal regions in
register. The circles above each bar indicate the sites of carbohydrate attachments and the filled
circle near the right end, the position of the serine residue of the active site. Activation splits a
peptide bond at the position marked by the rightmost vertical dotted line. Prior to activation,
factor X contains two polypeptide chains connected by a disulfide bond; the other three
zymogens are each single-chain proteins. The active enzymes are each disulfide-bonded two-
chain proteins except for trypsin which in the native form contains a single polypeptide chain.
Homologies in the various regions denoted by squared boxes are expressed as percent
identities. For further interpretations, see the text. [Courtesy of the Proceedings of the

National Academy of Sciences U.S.A. (47)]

sequent formation of the fibrin clot. The
specificity of the proteases that are gen-
erated is such that each protease can
activate the next zymogen in the cascade
but not the one following it. Were it
otherwise, the succeeding step could be
by-passed. It thus appears that the blood
coagulation cascade has evolved from
the bottom up because the insertion of
each additional zymogen enhances the
amplification and the fine-tuning of regu-
lation.

Each of the proteases generated in the
blood coagulation cascade is a serine
protease related to pancreatic trypsin,
except that, as previously noted, these
coagulation proteases contain two cova-
lently linked polypeptide chains, instead
of one (Fig. 4). A comparison of the
amino acid sequences of homologous
zymogens, such as factors IX and X and
prothrombin with that of pancreatic tryp-
sinogen shows how functionally impor-
tant regions of the polypeptide chains
have preserved their identity (4¢7) (Fig.
5). The highest degree of identity among
these coagulation zymogens is observed
in the amino-terminal region which con-
tains the +y-carboxylglutamic acid resi-
dues that are essential for the binding of
calcium ions (48), and in the carboxyl-
terminal regions which include the com-
ponents of the catalytic site. The se-
quences of the activation peptide and the
‘“‘connecting region’’ have been pre-
served the least. If it is assumed that
each homologous segment corresponds
to a domain, that is, an independent
folding segment of the polypeptide
chain, and if these domains are integrat-
ed into the three-dimensional configura-
tion of the active enzyme, it is possible
to construct by computer graphics mod-
els of these three coagulation proteases
and to compare them to that of trypsin.
This has actually been done and the
results suggest that homology in the lin-
ear sequence is accompanied by a close
similarity of three-dimensional structure
(49). The independent functional role of
each of the two chains of regulatory
proteases has been demonstrated for hu-
man plasma kallikrein (50) and for the
light chain of activated human blood
coagulation factor XI (57). In the former
case, the chemically isolated light chain
was as effective as the whole molecule in
hydrolyzing synthetic substrates and in
activating factor XI in solution. Howev-
er, under physiological conditions, re-
quiring solid surfaces, the whole mole-
cule was 180 times more effective. In the
case of activated human factor XI, the
light chain was also as effective toward
synthetic substrates as was the whole
molecule, whereas under physiological
conditions, requiring the presence of cal-



cium ions, the light chain activated fac-
tor IX only 1/2000 as fast as the whole
molecule and failed to interact with ki-
ninogen, an attribute entirely due to the
heavy chain.

The cleavage of an amino-terminal ex-
tension peptide is not restricted to the
activation of zymogens. Mammalian pro-
teases and secretory proteins in general
contain another amino-terminal exten-
sion, the so-called signal peptide or lead-
er sequence that is required for the trans-
port of nascent proteins across the mem-
branes of the endoplasmic reticulum
(52). The signal peptide specifies the
destination, acting as a ‘‘zip code’’ for
the nascent protein, and is removed on
emergence of the polypeptide chain in
the lumen by the action of a membrane-
bound ‘‘signal peptidase’ (53) of as yet
unknown mechanism of action. The sig-
nal peptide appears to prevent the proper
folding of the polypeptide chain and
hence the ‘‘pre-protein’’ is physiologi-
cally inactive (54). There is no discern-
ible sequence homology among the 100
or so signal peptides of known structure,
suggesting that the signal peptide, like
the activation peptide, has been acquired
by the incorporation of extraneous DNA
segments into the genome. An obvious
common feature of signal peptides is the
predominance of hydrophobic amino
acid residues, which conceivably form a
hydrophobic core or interact with the
phospholipid bilayer of the membrane.

Protease Inhibitors

As indicated at the outset, protease
inhibitors are essential for the protection
of the organism against tissue damage by
active proteases. Hence it is not surpris-
ing that protease inhibitors have been
found in animal, plant, and microbial
organisms (5). Less is known about the
evolution of protease inhibitors than of
the proteases themselves. This is so be-
cause the molecular structure of many of
these inhibitors is as yet unknown and
their specificity is less pronounced than
that of the proteases with which they
combine. The basic mechanisms of the
protease inhibition by these proteins has
been derived from studies of a few well-
characterized inhibitors isolated from
the pancreas (5), from bird eggs (55), and
from certain legumes such as the soy-
bean and the lima bean (56). In these
instances, the inhibitors act as a pseudo-
substrate by combining, essentially irre-
versibly, with the active site of the en-
zyme, thereby being converted into a
modified form in which a single peptide
bond, corresponding to the specificity
requirements of the protease, is split

-Glu-NH-CH-CO-Asn-

Fig. 6. Schematic representation of

<:=Hz the reaction path of the thiol ester
CH, ~Glu-NH-GH-CO-Asn- implicated in the trapping of a prote-
¢=0 CH, ase by ay-macroglobulin. Shown on
s Proteinase gy CH, the left is a segment of one of the four
| 1 1 . .
CH, CH, co polypeptide chains of a-macroglobu-
[ENH=CH-CO-] CRE-CH-Co-]  [Proteinass] lin, which forms a thiol ester between
aM aM the y-carboxyl group of glutamic acid

with the thiol group of a cysteinyl

residue. When the protease is trapped in the ‘‘bait’’ region, it undergoes a transacylation
reaction and becomes covalently linked to the inhibitor that undergoes a conformational change

which tightens the grip over the protease (62).

(57). It is likely, although not proved,
that other protease inhibitors operate by
a similar mechanism. Proteins that spe-
cifically inhibit chymotrypsin and car-
boxypeptidase, respectively, have been
isolated from potatoes and tomatoes.
They are expressed in response to a
systemic signal, a polysaccharide, which
these plants release when they are
wounded by insects. The insects, in turn,
become starved as a result of the inhibi-
tion of their own digestive proteases by
the ingested plant protease inhibitor (58).

Bird eggs contain a strange assortment
of single-headed and multiheaded inhibi-
tors (inhibitors that can combine with
one or more protease molecules at the
same time). It is remarkable that, in
contrast to the proteases which they
inhibit, some of these inhibitors display
an extraordinary variability in the amino
acid residues at their ‘‘active site,’’ that
is, the region cleaved by the protease
when it combines with the inhibitor (55).
The reason for this high mutability at the
active site is not understood. Yeast con-
tains at least six different intracellular
protease inhibitors of yeast proteases
(59). They have been implicated as a

safeguard against proteolytic damage
that might result from leaky or broken
vacuoles and as a regulatory control ele-
ment of protease activity. Human and
other mammalian plasmas contain a
number of potent serum protease inhibi-
tors (60) (Table 2). a;-Proteinase inhibi-
tor (also referred to as aj-antitrypsin),
already alluded to, is particularly effec-
tive against leukocyte elastase but also
inactivates other serine proteases by
forming stoichiometric complexes. This
inhibitor is a glycoprotein having a mo-
lecular weight of 50,000 and containing a
single polypeptide chain of known se-
quence. The complementary DNA
(cDNA) of the protein has been cloned
(61). The amino acid sequence of the
protein shows striking homology to that
of aj-antichymotrypsin, and antithrom-
bin III, and strangely enough also to that
of ovalbumin which has no known rela-
tionship to proteolytic enzymes (61, 62).
These homologies suggest that the plas-
ma inhibitors, like the proteases which
they inhibit, had a common ancestor. In
fact, the evolutionary distance between
a-protease inhibitor and antithrombin
III—that is, 160 accepted point muta-

Table 3. Representative physiological reactions triggered by proteolytic enzymes (3, 8, 64).

Type of reaction

Example

Multiple cleavage of precursor ‘‘side chains”’

Transmembrane processes

Hormone precursors

Macromolecular assembly

Zymogen activation

Fibrinolysis
Release of physiologically active peptides

Development

Adrenocorticotropin

Oxytocin-neurophysin

Secretory pre-proteins

Bacterial outer membrane and periplasmic
proteins

Bacterial toxins

Proinsulin

Proglucagon

Proparathyroid

Picornaviruses

Collagen

Fibrin

Phage head protein

Pancreatic protease zymogens

Blood coagulation (see Fig. 4)

Complement (Clr, Cls, C3 convertase)

Plasminogen proactivator

Plasminogen

Angiotensinogen

Kininogen

Proacrosin

Prococoonase

Prochitin synthetase

Procollagenase

i




tions per 100 residues—is the same as
that which separates the respective en-
zymes elastase and thrombin. Similarly,
the degree of sequence identity of o;-
protease inhibitor and a-antichymotryp-
sin is similar to that between the cognate
enzymes trypsin and chymotrypsin
(about 42 percent). This parallelism sug-
gests that the specialization of the inhibi-
tors has occurred in response to, and
simultaneously with, that of the corre-
sponding proteases.

Perhaps the most remarkable plasma
protease inhibitor is a;-macroglobulin, a
protein of molecular weight 720,000 and

composed of four nearly identical poly-

peptide chains (63). This inhibitor dis-
plays an almost universal specificity and
a unique mode of action. When the pro-
tease is trapped in the so-called ‘‘bait
region”’ it splits two of the four peptide
chains near the carboxyl-third of the
chain, near the amino side of a glutamic
acid residue whose gamma carboxyl
group forms a thiol ester with the SH
group of a cysteinyl residue (64) (Fig. 6).
The trapped enzyme then becomes cova-
lently anchored to the inhibitor by a
process of transacylation. The cleavage
of the thioester bond is accompanied by
a conformational change which tightens
the grip of the inhibitor over the trapped
protease. ay-Macroglobulin thus acts as
a scavenger of active plasma proteases.

Conclusions

The evolution of proteases from those
with digestive functions to those with
highly specialized, regulatory functions
is essentially a restriction and refinement
of the process of enzymatic peptide bond
cleavage. Restricted or ‘‘limited’’ prote-
olysis can best be understood by consid-
ering the mutual fitting of the protein
substrate to the configuration of the ac-
tive site of the protease (65). The more
stringent the requirements for produc-
tive interaction, the greater the selectiv-
ity of enzyme and the fewer the peptide
bonds that will be cleaved. Zymogen
activation and the cleavage of signal pep-
tides are only two of the many kinds of
physiological reactions that are triggered
by limited proteolysis. Some of the more
important ones are listed in Table 3, and
in all known cases they produce a con-
formational change in the protein mole-
cule, generating new functions. Peptide
bond cleavage is only one of various
posttranslational modifications that pro-
teins undergo, but in many respects it is
the most important one since it affects
the delicate balance of interactions that
determine the conformation of a protein
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molecule. Protein phosphorylation (17)
is another widespread posttranslational
modification that regulates physiological
processes, but in contrast to proteolytic
regulation, phosphorylation is a physio-
logically reversible process. The kinases
participating in such cascades, like the
proteases involved in the blood coagula-
tion cascade, show sequence homology
(66), a possible indication that, in part at
least, they too have evolved from a com-
mon ancestor. The common denomina-
tor in each of these groups of proteins is
the functional domain, for example, the
catalytic site in the case of the serine
proteases, or the cyclic nucleotide-bind-
ing site of the catalytic subunits in the
case of the protein kinases. If a protein
molecule is considered an assembly of
domains, it is easy to conceive how
proteins may be formed from combina-
tions of structural DNA sequences,
some of which code for the same func-
tional domain such as the NAD-binding
fold (NAD, nicotinamide adenine dinu-
cleotide) in certain dehydrogenases (67)
and thus display partial structural homol-
ogy. Proteases, particularly those en-
dowed with regulatory functions, usually
recognize interdomain regions and direct
their action on peptide bonds located
between rather than within the domains
themselves (65).

The processes of gene assembly,
translation, and transcription are certain-
ly far more complex than originally con-
ceived, and the rules determining the
distribution between sequences coding
for domains and intervening sequences
are not clearly understood (42, 68). The
evolutionary forces that give rise to point
mutations, gene duplication, and recom-
binations of gene segments, and thus to
new proteins, are complex, but the end
effect can well be likened to that of a
tinkerer who, quoting again from Jacob
(1), “‘does not produce innovations from
scratch. It works on what already exists,
either transforming a system to give it a
new function or combining several sys-
tems to produce a more complex one’’
(69). Most of these rearrangements may
not result in expression of a gene product
but some may result in the formation of a
protein sequence endowed with new cel-
lular function.
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Intellectual Property

One of the most significant issues cre-
ated by the emergence of modern bio-
technology has been the legal character-
ization and treatment of biotechnological
industrial products. Advances in most
other technologies have been readily as-
similated by the patent system and rou-
tinely licensed and marketed. Because of
the tremendous potential impact of bio-
technology on many diverse areas, how-
ever, it has received an unusual amount
of attention and generated a variety of
public policy issues and legal uncertain-
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selling tangible embodiments of the pro-
prietary subject matter.

Although microorganisms have been
used for industrial purposes such as bak-
ing or fermenting for millennia (/), the
recent use of restriction enzymes to cre-
ate recombinant DNA has fueled interest
in developing genetic engineering tech-
niques and encouraged the creation of a
host of new processes and products. The
characterization of these research results
as intellectual properties encourages in-
dustry to allocate labor, research and
development, and funding to facilitate
the production of commercially market-
able items. As is similarly becoming evi-
dent in several other areas, including
gene therapy (2) and environmental dis-
semination of organisms (3), biotechnol-
ogy as an intellectual property has also
challenged legal and public policies and
will continue to catalyze change for sev-
eral years.
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