Evolution of Structure
and Function of Proteases

Amino acid sequences of proteolytic enzymes
reflect phylogenetic relationships.

Hans Neurath, Kenneth A. Walsh, William P, Winter

Most of the information on the rela-
tion between the structure and function
of proteolytic enzymes that has been
obtained over the years is based on
observations derived from a few well-
defined enzymes believed to be repre-
sentative of groups. Thus, bovine pan-
creatic trypsin and chymotrypsin have
served as models for the “serine pro-
teases,” bovine carboxypeptidase A as
a model for the “metallo peptidases,”
papain as a representative of the “sulf-
hydryl enzymes,” and pepsin as a
model of the “acid proteases” (7).
The last few years have seen spec-
tacular advances in the character-
ization of the structure and function of
several of these proteolytic enzymes.
We have seen the completion of the
amino acid sequence of bovine tryp-
sinogen (2, 3) chymotrypsinogen A (4)
and B (5), of two strains of subtili-
sin (6) and of papain (7). Sequence
analyses of other proteolytic enzymes
are nearing completion. The develops
ment of “site-specific” reagents has led
to the identification of amino acid
residues of the active site and has pro-
vided a means for the chemical modu-
lation of the enzymatic specificity or
activity of several of these enzymes,
such as the carboxypeptidases (8), the
chymotrypsins (9), and the subtilisins
(10). X-ray crystallography has recent-
ly yielded a three-dimensional model of
the structure of one proteolytic enzyme,
chymotrypsin (11, 12), and promises to
give us a detailed understanding of the
mode of the interaction of the active site
with specific substrates and inhibitors.

A new parameter has recently been
introduced by considerations of the evo-
lution of enzymes and their phylogenet-
ic variations. Thus enzymes, or for that
matter proteins, which are believed to
fulfill similar catalytic functions have
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been found to show certain similarities
in structure. This approach is well doc-
umented (I3) by the extensive investi-
gations on cytochrome c¢, the hemo-
globins, various dehydrogenases, phos-
phoglucomutases, and the aldolases.
Conversely, it is possible to deduce the
structural requirements for function
from considerations of the evolutionary
patterns and phylogenetic variations of
classes of enzymes. This approach ap-
pears particularly promising in the
case of the proteolytic enzymes,
since, by and large, they contain no
prosthetic groups and thus their func-
tion is directly coded in the amino acid
sequence.

The phylogenetic relationships among
enzymes have been considered in terms
of “analogies” and ‘“homologies.” In
applying these terms to proteolytic en-
zymes, it seems necessary to clarify
their meaning.

Analogy

The term analogy is used to denote
similarities in function without regard
to structure. It is important, however,
to recognize several independent types
of analogy, based on the functional
comparison that is being made. Within
the context of the present discussion,
three types of analogy could be con-
sidered: (i) analogy in enzymatic func-
tion (such as specificity); (ii) analogy in
enzymatic mechanisms; and (iii) analo-
gy in biological properties.

Enzymatic function relates to the
nature of the bond being split and
therefore is an expression of the spec-
ificity of the enzyme. Representative ex-
amples are given in Table 1. Analogy
in enzymatic mechanism relates to
those chemical features of the active

site that are directly concerned with the
bond-breaking mechanism. The serine-,
metallo-, sulfhydryl-, and acid-proteases
() represent the four most commonly
recognized classes of proteolytic en-
zymes operating by analogous mecha-
nisms (Table 1). Finally, it is possible
to compare enzymes on the basis of
their Dbiological properties, such as
tissue of origin, site of action, or physi-
ological function. This definition can-
not be formulated as precisely as the
preceding ones because a more com-
plex level of organization is involved
(Table 1).

Enzymes that are analogous by one
criterion need not be analogous by
another. For instance, trypsin and
cocoonase (/4), an enzyme involved in
the escape of certain moths from their
cocoons, have analogous enzymatic
functions and mechanisms, but obvious-
ly different biological functions. Con-
versely, pepsin and chymotrypsin have
analogous biological and enzymatic
functions, but operate by nonanalogous
mechanisms. Thus, in one case nature
has used enzymes that are analogous
both in specificity and mechanism to
fulfill different biological functions,
whereas in another, different enzymatic
mechanisms serve similar biological
functions.

Homology

The term homology as applied to
proteins refers to similarity in amino
acid sequence. The only completely
satisfactory criterion for homology is
a comparison of the complete amino
acid sequence of two proteins for areas
of identity. As a first approximation,
comparison of short elements of se-
quence is often used. Such restricted
comparison becomes more meaningful
if it can be demonstrated that the
sequences being compared represent
identical areas in the linear structure of
these two proteins. In either event, the
reliability of such a comparison must
be interpreted on a statistical basis lest
we misinterpret random similarities
(15). Similarities in peptide maps was
the first evidence for homologies among
proteins (/6) and is still a potent ana-
Iytical criterion. Comparison of the
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amino acid composition of two pro-
teins is the most expedient experimental
procedure, but it is the least reliable
criterion of homology. Therefore, while
amino acid composition as such is no
proof of homology, it is becoming in-
creasingly evident that enzymes or pro-
teins which are believed to be homolo-
gous do have similar amino acid com-
position.

Whereas any of the three types of
analogy already mentioned may be sug-
gestive of homology, analogy by itself
is not diagnostic of homology. For in-
stance, while acetyltyrosine ethyl ester
is usually considered a good and char-
acteristic substrate for chymotrypsin
and in fact has led to the search for
and demonstration of homology be-
tween chymotrypsin A and B (5), the
choice of a less specific substrate might
lead to erroneous conclusions. Thus,
the hydrolysis of p-nitrophenylacetate
is catalyzed by chymotrypsin (/7), car-
bonic anhydrase (I8), as well as glycer-
aldehyde-3-phosphate  dehydrogenase
(/9), but, in fact, these three enzymes
have no other known structural or func-
tional relation to each other.

Categories of Homologous Proteins

It is useful to divide observed homol-
ogies into two categories on the basis
of the relationship between the indi-
viduals from which the proteins were
derived. When these individuals are
members of the same species, or in the
special case where only one individual
is involved, the homology is said to be
intraspecial. When the individuals are
members of distinct species, the homol-
ogy is interspecial.

In intraspecial homology, it is possi-
ble to determine by conventional ge-
netic studies whether the proteins are
products of the same gene locus or of
different loci, thus providing an addi-
tional criterion for classification. The
cquivalent subdivision is not possible
in interspecial homologies because true
species are noninterbreeding, preclud-
ing the possibility of genetic studies.
However, a useful subdivision may be
made on the basis of functional analogy.
Representative examples of documented
homologies are shown in this context in
Table 2.

Homologous proteins obtained from
the same species and derived from the
same locus are well exemplified by the
allotypic (-chains of hemoglobins A
and S, which are the products of two
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Table 1. Analogies among proteases.

Representative groups

Examples

Enzymatic function

Aminopeptidases
Carboxypeptidases
Endopeptidases

Leucine aminopeptidase
Carboxypeptidase A
Trypsin, papain, pepsin

Enzymatic mechanism

Serine enzymes
Metallo enzymes
Sulfhydryl enzymes
Acid proteases

Trypsin
Carboxypeptidase A
Papain

Pepsin

Biological properties

Digestive enzymes
Enzymes for intracellular protein degradation
Circulatory enzymes

Trypsin, carboxypeptidases
Cathepsins
Thrombin, plasmin, renin -

allelic genes (20). No example is
known of the second type in this cate-
gory (Table 2), although homologies of
this type doubtlessly occur. This situa-
tion could arise if a somatic mutation
occurred in a developing organ. In that
individual, two types of some protein
would be produced by that organ, but
the aberration would not be transmitted
to the offspring. Somatic mutations may
contribute to the apparent microhetero-
geneity that has been evident in cer-
tain sequence determinations.

Among homologous proteins from
the same species, but produced at dif-
ferent loci, trypsin and chymotrypsin
(2) are probably the best-documented
examples. The recently characterized
homology between chymotrypsins A
and B (5) also belongs to this group.

The subclassification of interspecial
homology is more equivocal than that
of intraspecial homology because of the
necessity for involving functional anal-
ogy as a basis. The best-known exam-
ple of analogous interspecial homology
is that of cytochrome ¢ (73). In this
case one has no difficulty in determin-
ing that the proteins from two species
are analogous. Similarly, there is little
question that porcine elastase and bo-
vine trypsin (4) are nonanalogous.
However, it is impossible, on this basis,
to satisfactorily categorize the presumed
homology between cocoonase (7/4) and

trypsin, since the proteins appear to be
chemically related in all ways but are
biologically distinct, serving the animal
in different ways and being elaborated
by a different organ.

The value of a classification of this
type is that it provides a frame of ref-
erence within which to discuss mecha-
nisms of protein evolution and the
significance of gene duplication.

Gene Duplication

The principal mechanism for increas-
ing the size of the genome in the popu-
lation is the process of gene duplica-
tion. Gene duplication provides the
population with a certain “plasticity”
to evolve new functions by subsequent
gene modification at the new locus.
This mechanism appears to have played
a major role in the evolution of enzyme
structure and function. The utility of
this process lies in the fact that the
original function of the duplicated gene
is preserved, thus freeing the new gene
from selection pressure. In all probabil-
ity, the homologous enzymes trypsin
and chymotrypsin have developed their
characteristic specificities by this mech-
anism. It is remarkable that this has
been accompanied by the replacement
of approximately one-half of the amino
acid residues in the protein (2). Gene

Table 2. Examples of homologies among proteins.

Product of the same gene locus

Product of different loci

Intraspecial homology

1. Allelomorphs
HbA; vs Hbs,
Carboxypeptidase A
2. Somatic mutants
No known examples

vs A

val leu

3. Products of duplicated genes

Trypsin vs chymotrypsin

Interspecial homology

4. Products of equivalent loci
Cyt ceow v8 Cyt cman
Porcine trypsin vs bovine trypsin

5. Products of unrelated or distantly related loci,

Elastasepig VS trypSincow
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duplication is definitely implicated in
intraspecial homology involving inde-
pendent loci, whereas this is not the
case when products of the same locus
in the same species are compared with
each other. Thus carboxypeptidase Ay
and carboxypeptidase A, appear to be
the products of allelomorphism (27),
whereas the two chymotrypsins, A and
B, must have arisen by gene duplica-
tion.

It is not necessary to invoke gene
duplication to account for phylogenetic
variations of enzymes of identical bio-
logical and enzymatic functions, as in
the case of bovine and porcine trypsin.
Where homology is observed between
biologically nonanalogous enzymes,
such as cocoonase and trypsin, which
are derived from different species, it is
not possible to determine whether gene
duplication has occurred. When the
species yielding the enzymes are close-
ly related, it is most probable that gene
duplication took place, unless the two
species have no counterpart of the
other’s enzymes.

Since the survival of a duplicated
gene is not influenced by negative selec-
tion pressure, it is possible that either
“silent” genes or radically altered genes
may develop, retaining nonetheless

ples of this type may exist. Among
these is muscle phosphorylase and
glycogen synthetase which have identi-
cal phosphorylation sites (22). Another
is the recently demonstrated homology
between lysozyme and e-lactalbumin
(23) where mutations in the region of
the active site have permitted the di-
vergence of radically contrasting activi-
ties. A third possibility is fraction III
of the bovine procarboxypeptidase A
complex which, in contrast to fraction
II, is seemingly devoid of any biologi-
cal function, yet like fraction II, con-
tains the histidine loop found in serine
proteases (24).

Homologies and Analogies among

Proteolytic Enzymes

In the following discussion, we con-
sider homologies among proteolytic en-
zymes, using analogous mechanisms as
a basis for their classification.

The serine proteases appear to fall
into two well-defined homologous sys-
tems, the microbial proteases on one
hand and the proteases found among
the higher animals on the other. The
former seem to be characterized by
the occurrence of the tetrapeptide se-

active site; among the serine proteases
of the higher animals, the characteristic
sequence seems to be Gly-Asp-Ser-Gly.
In both groups of proteases the serine
is the functional component of the ac-
tive site. In the case of the microbial
enzymes, the involvement of a histidine
residue in the catalytic mechanism
rests only on Kkinetic evidence; whereas
in higher animals, the participation of
histidine has been confirmed by chemi-
cal evidence (26). On the basis of
complete sequence data, the proteases
from two strains of Bacillus subtilis,
subtilisins BPN” (Nagarse) and Carls-
berg, are homologous proteins over 70
percent of the sequence (6). Consider-
ing the close phylogenetic proximity
of the parent organisms, this degree of
homology is surprisingly low. Subtilisin
NOVO (27) and aspergillopeptidase
B (28) are probably members of the
same group,

There is one known exception to the
generalization that microbial proteases
are characterized by the Thr-Ser-Met
sequence. The a-lytic protease from
Sorangium (29) has been found to con-
tain the active site sequence Asp-Ser-
Gly-Gly (30). It remains to be seen
whether the proteases from other micro-
organisms such as Arthrobacter (31),

extensive homology. Several exam- quence Thr-Ser-Met-Ala (25) at the Streptomyces moderatus (32), and
CHYMO- CARBOXY-
HYPOTHETICAL ANCESTOR TRYPSIN TRYPSIN | PEPTIDASE| REF
. _An.  Cat. | An. Cat | A B
LOWER. INVERTEBRATES —_ SEA ANEMONE + o _+ |- = 63
-~ T—BUTTERFLY LARVAE (O - O + — — 70
ECHIN_QDERMATA STARFISH + 0 ¥ + + 71
ELASMOBRANCHS DOGFISH 4 O + 4+ -+ - 54,72
————BONEY FISHES——— SALMON + | + + |— — 73
LUNGFISH 4 O O + |+ + 74
CROSSOPTERYGIANS BIRDS CHICKEN 4 0 + | — — 60
< TURKEY + + — — 60
HIGHER PIG O + |+ + |+ 75
REPTILES SHEEP (O + - - —_ 52
aweripians / cow 0+ | F F* |+ F | 76
LOWER ___ WHALE O + |+ + |- = 77
—MAMMALS
REPTILES HORSE (O -+ e — 78
RAT -+ 0 + 0 |+ + 79
006 0 + | + 0 |+ F |75
HWMAN + 0 | + 0 |+ + | 80

-+ = Present 0= Absent

=z Unknown

Fig. 1. The distribution of animal trypsins, chymotrypsins, and carboxypeptidases with respect to their phylogenetic rank. The desig-
nations An and Cat stand, respectively, for anionic and cationic and refer to the net charge on the molecule at neutral pH. With
regard to the invertebrates, the use of the terms trypsin, chymotrypsin, and carboxypeptidases A and B is based on analogous

specificities.
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HISTIDINE LOOP IN "SERINE PROTEASES'

39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63
B. Chymolrypsin A {Phe His Phe Cys Gly Gly Ser Leu lle Asn Glu|Asn|Try Val Val Thr Ala Ala His Cys Gly Val Thr Thr Ser
B. Chymotrypsi‘n B Phe His Phe Cys Gly Gly Ser Leu Ile GlulAsp|Try Val Val Thr Ala Ala His Cys Gly Val Thr Thr Ser
B. Trypsin Tyr |His Phe Cys Gly Gly Ser Leu Ile Asn|Ser Gln | Try Val Val Ser Ala Ala His Cys|Tyr Lys iSer Gly Ile
P. Trypsin Ser |His Phe Cys Gly Gly Ser Leu Al Ala His Cys|Tyr Lysi
P. Elastase Ala | His | Thr Thr Ala Ala His Cyé Val Asp Arg Glu
a-lytic Cys {Ser Val Gly Phe Phe|Val Thr Alg WHis Cys Gly|Thr Val Asn Ala
protease |

Fig. 2. The amino acid sequences about the active histidine residue (No. 57) in a variety of serine proteases. The solid lines enclose
regions of general homology; the broken lines enclose a region of limited homology. In all these cases, a disulfide bridge between
cysteines 42 and 58 form a loop. The residue numbering is that for bovine chymotrypsin A. The deletions in the last three have

been made to maximize the homology.

others will prove to conform to estab-
lished pattern or whether they, too, will
resemble the proteases from higher
animals, as indeed they now seem to.

A review of the literature shows that
serine proteases have been found in or
isolated from a large number of higher
animals. These are listed with respect
to the phylogenetic ranking of these
species in Fig. 1. There are relatively
few species that have been studied in a
like manner. As a matter of fact, of
the 16 living orders of mammals, only
six are represented in past or present
studies, and only one, Artiodactyla
(cow, sheep, pig, and other), has been
investigated extensively. No work on
proteases of amphibia or reptilia has
been recorded. As a group, the serine
enzymes listed in Fig. 1 are non-
homologous to the microbial serine
proteases and probably represent a case
of convergent evolution (33). Within
the group, certain homologies have been
established, and others are suggested
by preliminary evidence.

Bovine trypsinogen and chymotryp-
sinogen A were the first proteolytic
enzymes shown to be homologous, to
the extent of approximately 40 percent
(2). The most prominent and seeming-
ly invariable features of these two en-
zymes are the peptides surrounding the
functional serine and histidine residues,
respectively. This homology has since
been extended to include bovine chy-
motrypsin B (§), porcine elastase (4),
and bovine thrombin (34); and except
for some conservative amino acid re-
placements, the generalization holds
that homologous and invariant regions
of the sequence reflect their involve-
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ment in analogous enzymatic mecha-
nisms (2). The validity of this hypothe-
sis is documented in Fig. 2. All but one
of the serine proteases represented in
this table contain two histidine residues
in corresponding positions in a segment
referred to as a “histidine loop.” This
finding led to the suggestion that per-
haps, in analogy to ribonuclease (35),
both of these histidines may be func-
tionally important. Yet all site-specific
reagents, particularly the chloromethyl
ketone reagents of Ong, Shaw, and
Shoellman (26) seem to react exclu-
sively with one of the histidines only,
namely that corresponding to position
57 in chymotrypsinogen, and to posi-
tion 46 in trypsinogen (26). The a-lytic
protease isolated from Sorangium con-
tains only one histidine residue; and
this one seems to be homologous in the
sequence to histidine 57 in chymotryp-
sinogen, posing the possibility that the
second histidine in the mammalian en-
zyme may be functionally inconsequen-
tial (30). This is not a compelling con-
clusion, however, since in the first place
it remains to be established that the
a-lytic protease is homologous to the
serine proteases in higher animals in a
manner suggesting a direct evolutionary
relationship. Moreover, it is conceivable
that the second histidine residue be-
stows upon the higher-animal enzymes
a catalytic advantage but is not essential
for enzymatic activity. The only other
fully established case of homology is
that of bovine chymotrypsinogen B
and chymotrypsinogen A (5). Porcine
trypsin (37), porcine chymotrypsin
C (38), and porcine elastase (4) all
contain the serine and histidine peptide

sequences characteristic of the serine
proteases, and hence are probably ho-
mologous tc each other and to the
bovine enzymes (Fig. 2). The other
serine proteases listed in Fig. 1 are also
potentially homologous to bovine tryp-
sinogen (Table 3). To these might be
added kallikrein (39) and bovine plas-
min (40).

The homology between trypsin and
chymotrypsin raises the general ques-
tion whether enzymes that are homolo-
gous in primary structure also reveal
extensive similarity in their three-
dimensional structure or ‘“conforma-
tional homology.” Purely on the basis
of the hypothesis that the primary se-
quence determines the three-dimen-

" sional structure (41), would one expect
proteins like trypsin .and chymotryp-
sin, which show only 40 percent ho-
mology, to have identical conforma-
tions? The fact that a histidine and a
serine, separated by 138 residues in the
primary structure, find themselves in
juxtaposition at the active sites of both
enzymes, indicates one common three-
dimensional parameter. The findings of
four homologous disulfides (4) strength-
~ens the hypothesis of conformational
homology. Trypsinogen is lacking one
of the disulfide bonds found in chymo-
trypsinogen, but it has two other disul-
fide bonds which do not occur in chy-
motrypsinogen. When a model of tryp-
sinogen was built, with the recently pub-
lished structure of a-chymotrypsin (11,
12) as a guide, it was found that the
two nonhomologous disulfide bonds in
trypsinogen smoothly fall into place
without requiring any significant dis-
tortions. Similar observations suggest
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Table 3.
molecule); nd, not determined.

Comparative amino acid composition of certain serine

proteases (residues per

Tyr+ Tle+-
Source LKIS_-I_ Phe Ser+ Leu Gly Ala Pro His Met Cys/2
g Trp Val
Trypsinogen
Bovine (2) 17 17 43 47 25 14 9 3 2 12
Porcine (58) 15 13 36 47 26 16 11 4 2 12
Ovine* (59) 12 18 31 36 19 12 8 3 2 nd
Turkey* (60) 10 16 35 36 19 11 8 3 2 8
Cocoonase
Antheraca (14) 19 17 39 44 22 16 9 4 1-2 4
Elastase
Porcine (61) 15 20 39 52 24 16 7 6 2 8
Chymotrypsinogen
A-Chicken* (60) 12-13 18 50-52 52 21 16-17 9-10 5 1 nd
A-Bovine (2) 18 18 52 52 20 22 9 2 2 10
A-Porcine (62) 15 16 41 48 19 20-21 12 2 2 10
A-Dogfish (63) 17 21 35 44 21 23 14 4 4 8
B-Bovine (5) 16 18 45 53 23 23 13 2 4 10
PCP-fraction 11
Bovine (64) 17 20 31 54 21 15 12 5 1 8

* Active enzyme,

conformational homology between «-
lactalbumin and lysozyme (42). While
these findings are only suggestive, they
are in keeping with the idea that disul-
fide bonds reinforce, rather than deter-
mine the three-dimensional character-
istics of the protein molecule. They
also permit the prediction that the
three-dimensional conformation of tryp-
sin may be strikingly similar to that of
chymotrypsin, at least in the major
aspects of its chain folding, in spite of
differences in 60 percent of the amino
acid sequence.

In the case of the metallo-peptidases,
notably carboxypeptidases A and B,

much evidence relating primarily to
function (&) has accumulated, but only
limited information relating to struc-
ture is available (43). The known dis-
tribution of carboxypeptidases A and B
among higher animals is also given in
Fig. 1. On the basis of composition
(Table 4), carboxypeptidases A and B
can be predicted to be homologous en-
zymes that have evolved from a com-
mon ancestor, much as chymotrypsin
and trypsin have. These two enzymes
differ primarily in substrate specificity,
but they are cross-reactive to a certain
degree (44). Thus carboxypeptidase B
is active toward substrates for carboxy-

Il 2 3 4 5 6 7 8 9 10 i 12

Papain [ Pro ! Val - Lys - Asn'—Gln - Glyj- Ser!Cys -Giyj- Ser ! Cys - Trp-
Ficin +Pro:-Ile -"Arg-Gln - Gin - Gly - Gln-Cys - Gly  Ser- Cys -
Bromelain Pros Cys- Gly - Gly < GIn - AlasAsps  -Gly- Ala- Cys-

l | y y-Glys l i p y y {
Bromelain -Cys -Gly ~ Ala - Cys - Trp-
Chymopapain =Lys~- Arg - Vol - Pro - Asp-;—, Gly- Glu - Cys - Tyr~-
Strep. Protease | -Ser -Phe - Val - Gly Il Gin - Ala ll Ala ~Thr - Gly —l His - Cys

Fig. 3. The amino acid sequences adjacent to the active cysteine (Cys No. 11) in some
sulfhydryl proteases. The significance of the solid lines is explained in Fig. 2. The
deletion in the upper bromelain sequence was made in order to reconcile the two
contradictory sequences which have been published (46). The residue numbering is

arbitrary.
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peptidase A, but not vice versa. This
dual specificity has not yet been satis-
factorily explained, except that it is not
a product of enzyme contamination.
Carboxypeptidases A and B have been
isolated from . bovine and porcine
pancreas and more recently from pan-
creas of the Pacific spiny dogfish. These
carboxypeptidases are all similar in
amino acid composition (Table 4) ex-
cept for differences in histidine and in
the sulfur-containing amino acids, and
hence they have probably evolved from
a common archetype. Bovine carboxy-
peptidase A occurs in at least two
allotypic forms which differ from each
other in a leucine-valine dimorphism
in the antipenultimate position of the
polypeptide chain (27). The allelo-
morphic character of this dimorphism
was strongly suggested by the distribu-
tion of the two forms among enzymes
isolated from single bovine pancreas
glands. Of 14 glands, approximately
one-half contained both variants, and
the remainder was evenly divided,
showing either one or the other variant
exclusively. This discovery was made
possible by the fortunate fact that after
degradation with cyanogen bromide, a
carboxy-terminal hexapeptide could be
ecasily isolated from carboxypeptidase.
Preliminary evidence suggests the pos-
sibility of additional variants arising
from amino acid replacements else-
where in the polypeptide chain.

Among the sulfhydryl proteases only
one, papain, has been subjected to com-
plete or nearly complete sequence de-
termination (7). However, sequences in
the vicinity of the active cysteine resi-
due are known for three other plant
proteases, chymopapain B (45), stem
bromelain (46), and ficin (47), and
for one bacterial enzyme, the protease
from group A Streptococci (48). Pa-
pain and ficin are clearly homologous
at least to the extent that the sequence
of ficin is known (Fig. 3). Bromelain,
chymopapain B, and streptococcal pro-
tease all contain several features in com-
mon with papain and ficin, namely the
occurrence of a glycine in position 9
and, with the exception of chymopapain
B, the dipeptide Gln-Gly or Gln-Ala, in
positions 5 and 6. However, it cannot be
established from such short sequences
containing so many differences whether
homology truly exists among any or
all of these enzymes.

Among the acid proteases, pepsin -
and rennin have been reported to bear
evidence of homology to each other
(49).
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Zymogens

One of the unique features of pro-
teolytic enzymes of higher animals is
their occurrence as inactive precursors,
the zymogens. Induction of enzymatic
activity occurs through -the primary
event of peptide-bond cleavage in the
amino-terminal region of the zymogen.
This imposes certain limitations on
structural variations in this region of
the molecule, because in the process of
activation the zymogens serve as sub-
strates and hence must conform to the
specificity requirements of the activat-
ing enzyme, usually trypsin. The selec-
tivity of peptide-bond hydrolysis during
the primary step of zymogen activation,
by and large, may be the same for all
homologous zymogens, as exemplified
by trypsinogens and chymotrypsino-
gens, though the end products are dif-
ferent. It is worthy of note that in all
known cases, activation involves pep-
tide-bond cleavage in the amino- rather
than the carboxy-terminal region of the
zymogen. Desnuelle and co-workers
have shown that bovine chymotrypsino-
gens A and B and in porcine chymotryp-
sinogen A, the amino-terminal regions
of the zymogens are homologous (50,
51) (Fig. 4). The same peptide bond,
that between positions 15 and 16,
is cleaved in the primary event, but
secondary peptide-bond cleavage be-
tween positions 13 and 14 seemingly
depends on the conformational details
in this region of the zymogen, which
appear to be different in the three
proteins. The same kind of homology
exists when bovine, porcine, and ovine
trypsinogen are compared with each
other, as shown in Fig. 5. Except for
a single amino acid difference, ovine
trypsinogen (52) appears to consist of
a mixture of porcine and bovine types.
While the structural significance of this
dichotomy has not yet been established,
it is consistent with the postulated phy-
logenetic relationship of these three
artiodactyls.

The activation of procarboxypepti-
dases is less specific and of a somewhat
different character. This has been dem-
onstrated for the monomeric forms of
bovine procarboxypeptidase B (44) and
dogfish procarboxypeptidases A (53)
and B (54). The peptide ultimately re-
leased is a large fragment having a
molecular weight of approximately
8000. The same is probably true of the
immedijate precursor of bovine car-
boxypeptidase A, namely subunit I of
the procarboxypeptidase aggregate (55).
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More importantly, primary peptide-
bond cleavage is not a unique phenome-
non, since activation can be induced
not only by trypsin but also by other
serine . proteases which differ in speci-
ficity and hence probably cleave differ-
ent bonds in the zymogen molecule.
In the activation of the endopeptidases,
the unique site of the primary bond
cleavage is indicative of the involve-
ment of the newly created a-amino
group in the catalytic mechanism. This
hypothesis (56) has been strengthened
by the observation by Blow and his col-
laborators (I7) that in a-chymotrypsin
the ¢-amino group formed during acti-
vation forms a salt linkage with the
B-carboxyl of the aspartic acid resi-
due adjacent to the active serine.
In contrast to the vertebrate enzymes,
no conclusive evidence has yet been
established for the occurrence of the
digestive enzymes of invertebrates as
Zymogens.

Conclusions

One of the striking features of the
proteolytic enzymes as a group is the
immense variety of biological functions
served by enzymes employing one of
a few basic mechanisms. For example,
in the higher animals, enzymes for
activation of zymogens (trypsin), for
digestion of dietary proteins (trypsin,
chymotrypsin, elastase), for blood clot-
ting (thrombin), for clot lysis (plas-
min), and for sensing pain (kallikrein)
all appear to use the same mechanism
and to have evolved from the same an-
cestral gene by the process of gene du-
plication and subsequent divergent evo-
lution. Equally striking is the variety of
chemical solutions of the same func-
tional problem, such as the peptide-bond
cleavage by sulfhydryl proteases on the
one hand and serine proteases on the
other.

This is not simply a case of the

Table 4. Comparative amino acid composition of carboxypeptidases A and B (residues per molecule).

Lys+ Tyr--Phe

Ser+ Ile4-Leu

é{g Tip Thr Val Gly Ala Pro His Met Cys/2

Bovine

A (65) 26 43 61 59 23 20 10 8 3 2

B (66) 30 44 52 50 21 22 12 7 6 7
Porcine

A (67) 24 41 55 52 26 23 14 9 3 2

B (68) 28 41 48 51 23 25 13 6 5 8
Dogfish

A (69) 28 43 47 55 29 21 17 7 9 4

B (54) 29 39 50 54 20 24 14 4 8 7

NH 2 — Terminal sequences in chymotrypsinogens

Porcine ChTg A Cys - Gly~ Val-Pro-Ala~-Ile

Bovine ChTg A

1 2 3 4 5 &6

}
Prot Pro-Val - Leu - Ser -Gly~-Leu - Ser-Arg- Ile ~Val

\
Cys - Gly - Val-Pro-Ala ~Ile+ Gin 1 Pro - Val ~ Leu - Ser~Gly — Leu+ SertArg—Ile -Val

8 9 10 11 12 13|14(15 16 17

Bovine ChTg B

}

Cys - Gly~ Vol ~Pro-Ala-Ile—GIn - Pro - Val — Leu — Ser - Gly - Leu + Ala|-Arg-Ile-Val

Fig. ‘4. A comparison of the sequences of three chymotrypsinogens at the amino-
terminal end (51). The solid lines enclose the two areas of differences. The arrows
indicate the site of the trypsin-catalyzed breaks upon activation.

Species Activation peptides Reference
Bovine Val~ Asp-Asp-Asp-Asp-Lys- 81
Porcine Phe-Pro-Thr-Asp-Asp-Asp-Asp-Lys-~ 82
Val-Asp-Asp-Asp-Asp-Lys-
Ovine } 52
Phe-Pro-Val-Asp-Asp-Asp-Asp-Lys-

Fig. 5. The amino-terminal peptides released by tryptic activation of the trypsinogens
from three closely related species. The occurrence of valine (underlined) in the phenyl-
alanine activation peptide of ovine trypsinogen is the only factor which distinguishes
that peptide from the single porcine trypsinogen activation peptides.
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mutual replacement of two elements
closely related on the periodic table in
that recent experiments in which the
serine hydroxyl of subtilisin has been
converted to a sulfhydryl through
“chemical mutation” failed to maintain
enzymatic activity toward the normal
specific substrates of this enzyme (57).
Thus the effectiveness of the histidine-
serine mechanism is not simply paral-
leled by an analogous activation of a
sulfhydryl group. These experiments,
though negative, amply illustrate the
fact that the unique characteristics of
these two different basic mechanisms
reflect the aggregate contribution of
the primary structure of the protein
rather than a simple juxtaposition of
two specific residues in the three-dimen-
sional structure.

While in most examples cited in this
discussion, gene duplication has led to
the modification of enzyme specificity
without affecting the enzymatic mecha-
nism, this is by no means a compelling
generalization. Thus it is quite possible
that homologs exist which differ in
amino acid residues at the active site
and which may have acquired new
functions. Such homologs would be
difficult to detect by criteria other than
complete sequence analysis and have
not yet been encountered among pro-
teolytic enzymes. The only documented
case of that type is the homology be-

tween lysozyme and q-lactalbumin
(23).

Finally, the minor variations in
structures resulting from allelomor-

phism represent an important mecha-
nism for divergent evolution and modu-
lation of a particular enzyme species.
In turn, it provides the raw material
for the continuing evolution of new
variants of a particular enzyme in
newly emerging species. However, ob-
servation of the occurrence of these
allotypes complicates the sequence
analysis of a protein and raises the
general question as to how many ho-
mogeneous enzymes are in fact hetero-
geneous in a molecular sense. To what
extent do sequence determinations ig-
nore the less-major species? Obviously
the enzymes and proteins which are
being investigated today present but
one frame in the film of evolution cov-
ering a period of millions of years. In
that kind of perspective, enzymes
should not be expected to be function-
ally or structurally homogeneous but
rather to display on the molecular level
the residual traits of their ancestry.
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