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Summary 

A model for the structure and function of 
extracellular carboxyl (acid) proteases can be 
established from three amino acid sequences 
and four crystal structures of these enzymes. 
The carboxyl proteases from gastric and fungal 
origins are very homologous in both primary 
and tertiary structures. The molecules consist of 
about 320 residues organized with a secondary 
structure which is primarily comprised of/3- 
strands and very similar tertiary structures. An 
apparent binding cleft, which can accommodate 
a substrate with about eight amino acid resi- 
dues, contains near its midpoint the active 
center residues Asp-215, Asp-32, and Ser-35. 
These three residues are hydrogen bonded to 
each other. 

An intracellular carboxyl protease, cathep- 
sin D, is very homologous to the extracellular 
enzymes in N-terminal amino acid sequence and 
primary structure location of active center resi- 
dues. The tertiary structure of cathepsin D is 
probably similar, as well. However, cathepsin D 
contains a unique hydrophobic "tail" made up 
of about 100 residues added on the C-terminal 
side. Cathepsin D precursor is over 100,000 
daltons in molecular weights, as contrasted to 
the gastric carboxyl protease zymogens, which 
are about 40,000 daltons. 

Carboxyl proteases contain two lobes sym- 
metrical in peptide chain conformations. Each 
of the lobes also consists of two homologous 
structural units. These structural characteristics 
suggest that the original gene was coded for 

only about eighty amino acid residues and that 
gene duplication and fusion has taken place 
twice to produce a single chain carboxyl pro- 
tease with four basic structural units in two 
symmetrical lobes. The formation of the 
zymogens and the cathepsin D "tail" must have 
resulted from various gene fusions. Partial se- 
quence comparisons also suggest that cathepsin 
D may be an evolutionary ancestral chain for 
gastric carboxyl proteases. 

Introduction 

In the past few years a great deal of progress 
has been made in the understanding of structure 
and function of carboxyl proteases. Several 
reviews have appeared. They have covered 
either a special carboxyl protease-zymogen 
model (e.g., pepsin-pepsinogen) 1"2, or accounted 
for only the latest findings 3. In this article, 
however, a broad view will be taken to encom- 
pass the structural evolution in carboxyl pro- 
teases and its relationship to the enzymic func- 
tions. 

The term "carboxyl protease" describes a 
group of proteolytic enzymes, such as pepsin, 
which share an apparently unique catalytic 
apparatus and mechanism. For two main 
reasons the name "carboxyl protease" has be- 
come a more favorable term in recent years 
over the older name "acid protease ''1. First, it is 
now apparent that the active sites of these 
enzymes contain two carboxyl groups; the name 
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TABLE I 

Carboxyl (acid) proteases 

Source Enzyme Zymogen 

Review or 
Original 

References 

Stomachs 

Lysosomes 

Plasma and urine 

Seminal plasma 

Kidney 

Microbial 

Pepsin + 

Gastricsin + 

Chymosin (rennin) + 

Cathepsin D + 

Cathepsin E + 

Uropepsin + 

Acid protease + 

Renin + 

Penicillium janthinellum Penicillopepsin 

Rhizopus chinensis Rhizopuspepsin 

Endothia parasitica 

Aspergillus saitoi 
Aspergillus oryzae 
Aspergillus niger 

Mucor pusillus 
Mucor miehei 

Protozoan 

Tetrahemina 

Plasmodium berghei 
Plasmodium falciparum Acid protease 
Plasmodium knowlesi 

Plant 

Sorghum vulgare 

Endothiapepsin 

Aspergillopepsin 

Mucorchymosin 
(Mucor renin) 

Sorghum acid protease 

4 

4 

4 

35 

35 

35 

35 

13 

10 

11 

55 
56 
56 

8, 58 

is thus consistent with other groups of pro- 
teases, i.e., sulfhydryl-, serine-, and metallo- 
proteases. Second, some carboxyl proteases, 
notably renin, have pH optima near neutrality. 
The name "acid protease" seems inappropriate 
in such a case. Some investigators also have 
used the name "aspartyl protease"  to describe 
this group of enzymes. 

Carboxyl proteases are widely distributed in 
living organisms. Some of the examples are 
given in Table 1. The best known group is 

probably the gastric digestive proteases present 
in the stomach of all vertebrates. In high 
mammals only three structurally defined car- 
boxyl proteases (pepsin, gastricsin, and chymo- 
sin) are found 4. Even though the presence of 
other isozymes has been reported in man 5'6, 
these are likely to be different degradative 
products. All three gastric enzymes are secreted 
as zymogens. They are converted to active 
enzymes, as typified by the pepsinogen-pepsin 
conversion demonstrated by HERRIOTr 7 in the 
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1930's. A zymogen protease system very similar 
to the gastric enzyme is found in the seminal 
plasma of man. 

Extracellular digestive carboxyl proteases are 
present in plants 8 and microorganisms 9. Espe- 
cially well studied are pepsin- and chymosin-like 
enzymes from fungi which are extensively used 
in the fermentation industry ~°. These microbial 
carboxyl proteases are secreted extracellularly. 
In contrast to the gastric enzymes no zymogen 
has been found for the extracellular microbial 
carboxyl proteases. 

Intracellular carboxyl proteases are known to 
be located in the lysosomes and to be involved 
in the intracellular digestion of proteins. Like 
other lysosomal hydrolases, cathepsin D and E 
have optimal enzymic activity in a pH range of 
4-5. The presence of these carboxyl proteases 
in higher living forms is well established. They 
may be broadly distributed in lysosomes of the 
lower forms of living organisms, since there is 
some evidence that tetrahemina lysosomes con- 
tain an "acid protease ''1~. A carboxyl protease, 
proteinase A, is known to be present in the 
vacuoles of yeast. This intracellular protease has 
been shown by Hoi.zzR and co-workers to be 
involved in some important cellular regulatory 
functions 12 

Renin, another carboxyl protease, is of par- 
ticular interest. This plasma enzyme is involved 
in a delicate regulation of blood pressure, and it 
also has an optimal pH for activity near neutral- 
ity. As will be discussed in the following 
sections, all the active-site directed reagents 
specific for carboxyl proteases inactivate renin, 
so it is considered a member of the carboxyl 
protease group. The enzyme is known to be 
made in the kidney and submaxillary gland, and 
large molecular weight enzyme forms, presuma- 
bly precursors, have been identified 13. 

All the enzymes mentioned above, and un- 
doubtedly many others not covered or disco- 
vered, represent a group of enormous diversity 
in their functional locations, biological roles, 
enzymic properties, and evolutionary history. 
Yet it is increasingly clear that this group of 
enzymes shares common structural features, 
functional apparatus, and catalytic mechanisms. 
This has been established mainly from the 
studies of structure-function relationships of 
model enzymes, which are discussed in the 
following section. 

A S.~ructure-Funcfion Model for Extracellular 
Carboxyl Proteases 

It is now known that the primary and three- 
dimensional structures of the gastric and micro- 
bial carboxyl proteases are very much alike. The 
primary structures have been revealed for three 
carboxyl proteases. Two enzymes are gastric in 
origin, pepsin 14 and chymosin 15, while a third, 
penicillopepsin 16, is secreted extracellularly by a 
fungus, PeniciUium ]anthinellum. Figure 1 illus- 
trates the alignment of three structures. Not 
only are the overall sizes similar, but the 
homology of amino acid sequences is apparent. 
Alignment of partial sequences from other 
gastric and microbial sources shows them to be 
homologous with three complete sequences 4. 

The identification of catalytic-site residues 
was facilitated by the use of two affinity labeling 
reagents. Diazoacetyl-DL-norleucine methyl 
ester (DAN), developed in the laboratory of 
STERN and MOORE 17, esterified a unique aspartyl 
residue TM, which was shown to be residue 
Asp-215 in pepsin ~4. Several similar diazo reag- 
ents have been tried on various carboxyl pro- 
teases. All reacted to the corresponding site at 
Asp-215 ~9. A second active-site directed reag- 
ent, 1,2-epoxy-3-(p-nitrophenoxy)propane 
(EPNP), was used in our laboratory to specific- 
ally inactivate pepsin. This reagent esterifies a 
different aspartyl group 2°'2~, which is located at 
position 32 of the pepsin sequence TM. EPNP 
inactivates all the gastric and microbial carboxyl 
proteases so far tested. The results of the use of 
these two reagents have been reviewed ear- 
lier 19,32. 

The similarity in three-dimensional structures 
derived from X-ray crystallographic studies of 
four carboxyl proteases are even more striking. 
In addition to pepsin 23 and penicillopepsin 16, 
two fungal carboxyl proteases from Rhizopus 
chimensis 24 and Endothia parasitica 24 have all 
been solved at atomic resolution. For a direct 
comparison, the stereo pairs from pepsin and 
penicillopepsin are shown in Figure 2. As can 
be seen, the gastric and the microbial enzymes 
have very similar three-dimensional structures. 
This similarity is true also for the crystal 
structure of the two other microbial carboxyl 
proteases. Since the structures are all quite 
similar, the common features generated by the 
X-ray crystallographic studies are discussed 
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14 15 16 Fig. 1. The amino acid sequence of three carboxyl proteases, pepsin , chymosin , and penicillopepsin . The numbering is 
based on pepsin sequence. The overall homology between the gastric and fungal enzymes is apparent. The similarity in 
sequences around active-center residues at positions 32, 35, 75, and 215 is particularly strong. The residues are in single-letter 
codes: A:AIa ,  B :Asx, C:Cys,  D :Asp ,  E :Glu ,  F :Phe ,  G:Gly ,  H:His ,  I : I le ,  K:Lys ,  L :Leu ,  M: Me t ,  N : Asn ,  P :Pro ,  Q:Gln ,  
R :  Arg, S : Set, T : Thr, V : Val, W : Trp, X:  unknown, Y: Tyr, Z:  Glx, - :  gap. The disulfide linkages are between residues 45-50, 
206-210, and 250-283. 
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Fig. 2. Stereo drawing of the a-carbon positions of two carboxyl proteases. The pepsin structure (top) is the work of 
ANDREEVA et al. 23. T h e  penicillopepsin structure was taken from the work of Hsu et al. 16. Strong similarity in overall shapes 
and polypeptide chain tracings are apparent. 

together in the following. An apparent substrate 
binding cleft can easily be seen to run across the 
whole length of the molecule. The size of the 
binding cleft is sufficient to accommodate 7-8 
amino acid residues of a peptide substrate. This 
feature is predicted from earlier specificity 
studies, both in protein 25"26 and synthetic pep- 
tide substrates 27, which indicated that the 
specificity of pepsin lies in two primary and six 
secondary residues equally distributed on both 
sides of the hydrolyzing bond. The active site 
Asp-32 and Asp-215 mentioned above are 
located at the center of the binding cleft. In the 
crystal structure of penicillopepsin the positions 
and orientation of these two/3-carboxyl groups 
are sufficiently clear to indicate that they are 
probably hydrogen bonded to each other. In 

addition, Asp-32 is hydrogen bonded to Ser-35, 
which appears to be conserved in the amino 
acid sequence of all carboxyl proteases studied 4. 
The crystallographic findings in the active site 
structure of the other three carboxyl proteases 
are consistent with that for penicillopepsin. As 
will be discussed later, these three active-site 
residues comprise an important, and probably 
the main, component of the catalytic apparatus. 
The polypeptide foldings in the three- 
dimensional structure consist primarily of/3- 
structure. Only three segments of short helical 
structure are present. 

The chemical and three-dimensional 
framework described above provides a basis for 
mechanistic considerations of the catalytic func- 
tion of carboxyl proteases. But as in the case of 
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other catalytic mechanisms, detailed knowledge 
of the electronic events is far from complete. 
Nevertheless, taking the evidence mainly from 
the chemical studies of pepsin and the crystal- 
lographic studies of penicillopepsin, the possible 
catalytic roles of the active-site residues are 
rather limited. It has been known for some time 
from the results of kinetic studies that the 
catalytic carboxyl groups have pKa value of 
about 2 and 5, respectively ~2. The low pKa (2.8) 
carboxyl group was assigned to Asp-3228. This 
down shift in pKa can be readily explained from 
the hydrogen bonding between Asp-32 and 
Ser-35. The high pKa (5) carboxyl group was 
assigned to Asp-2151<29. Thus, it is reasonably 
assumed that in the catalytic processes, Asp-32 
should be ionized and involves either a direct or 
indirect (with H-bonded H20) nucleophilic at- 
tack of the carbonyl carbon atom of the scissile 
peptide bond (Fig. 3) 28"3°. This role for Asp-32 
as a general base catalyst is supported by recent 
experiments of Ar,rroNov e t  al .  31 using 018 
exchange techniques. Whether Asp-32 carboxy- 
late acts as a nucleophile directly has not been 
firmly established, although in the esterification 
reaction by EPNP, a substrate-like inactivator, 
Asp-32 must have been involved in a direct 
nucleophillic attack. However, the binding of 
the acyl component of the substrate and of 
EPNP may or may not be identical. The role of 
Asp-215 as proton donor has been proposed to 
involve either the carbonyl oxygen 3° or the 
amide nitrogen a8 of the substrate (Fig. 3). 
Tyr-75 has also been proposed to be the proton 
donor to the amide nitrogen 3°. From a chemical 
viewpoint Asp-215 with a pK of 5 is a better 
proton donor than a phenolic group which 
normally has a pK above 10. Additionally, the 
polarization of carbonyl of the substrate does 
not require the full transfer of protons. For 
example, in the serine proteases the carbonyl 
oxygen of the substrates is hydrogen bonded to 
two amide hydrogens from the polypeptide 
backbone of the enzymes3< These discussions 
clearly accentuate a lack of detailed knowledge 
in the carboxyl protease catalytic mechanism 
and a need for further studies. Some of these 
uncertainties will be clarified when the orienta- 
tion of the substrates in the crystals is better 
known. 

In addition to DAN and EPNP, pepstatin is a 
universal carboxyl protease inhibitor. The po- 

Asp-215 I Asp-215 
or others or Tyr-75 

H o 
' / 
0B 

:O H 

IJ .i 
- , - C  - - - - N  - - -  

' I 
:0" H / 

Asp-32 
or bound 

H20 

Fig. 3. The probable roles of active center residues of 
carboxyl proteases in the hydrolysis of a peptide substrate. 
For the explanations, see text. 

tency in its activity (Ki about 10 -1° M for pepsin) 
has been attributed to the structure of this 
heptapeptide being a transition state analog of 
carboxyl protease catalysis 33. A slow developing 
inhibition by pepstatin, which is apparently 
stereo specific with respect to the inhibitor 
structure, has been observed by RicH using 
synthetic pepstatin analogs 34. The reason for 
this unusual kinetic behavior is yet unclear. 

The common features discussed above lead to 
a fairly clear conclusion that the structural 
features and the catalytic apparatus of extracel- 
lular digestive carboxyl proteases are very simi- 
lar. These results have been obtained primarily 
from fungal and mammalian enzymes but most 
likely can be extended to the extracellular 
carboxyl proteases of other biological systems. 

Structure and Function of Cathepsin D - An 
Intracellular Carboxyl Protease 

In contrast to the gastric and fungal carboxyl 
proteases, which digest protein extracellularly, 
cathepsin D is an intracellular enzyme. It is 
located in the lysosome and has an optimal pH 
for its function near that of intralysosomal 
p H -  around 4. The role of cathepsin D as one 
of the major intracellular endopeptidases has 
long been recognized 3s. The level of this en- 
zyme is greatly elevated when tissue resorptions 
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are taking place. It has also been implicated in 
the breakdown of tissues under the pathological 
conditions. More recently, cathepsin D has been 
shown to involve the normal turnover process of 
the intracellular proteins 36. Therefore, cathepsin 
D seems ideally suited for a model of structure- 
function study of intracellular carboxyl pro- 
teases. 

The carboxyl protease nature of cathepsin D 
is firmly established from its inhibition by 
specific inhibitors including DAN 37, EPNP 38, 
and pepstatin 39. However, no significant struc- 
tural study has been conducted until recently. In 
the following some recent results from our 
laboratory are described 4°'41. From porcine and 
bovine spleens a number of cathepsin D 
isozymes have been isolated in large enough 
quantities for structural comparisons. These 
isozymes, five from porcine 4° and two from 
bovine 4~ spleens, differ primarily in their 
isoelectric points. The porcine isozymes have 
identical molecular weights of 50,000 daltons, 
while the bovine isozymes are 46,000 daltons. 
As illustrated in Figure 4, the isozymes are 
present either in single polypeptide chains or in 
two chains. The amino acid sequence at the 
NH2-termini of the light and single chains are 
the same. This indicates that the two chain 
isozymes are derived from the single chain by 
limited proteolysis, which takes place near resi- 
due 100 in the original single chain isozyme. In 
bovine spleen the single chain cathepsin D 
comprises about 60% of the total, while in 
porcine spleen this percentage is less than 5. 
These two structural forms appear to exist in 
vivo. The two-chain species could not be pro- 
duced in vitro through various proteolysis condi- 
tions, e.g., autolysis. In addition, the presence of 
protease inhibitors during the tissue homogeni- 
zation did not significantly alter the ratios of 
single- to two-chain isozymes. 

The NH2-terminal sequence of porcine and 
bovine light chains are shown in Figure 5. A 
clear structural homology is seen in the com- 
parison of these sequences to the NH2-terminal 
sequences of extracellular carboxyl proteases. 
The evolutionary aspects of this comparison will 
be discussed in a separate section. From the 
structure-function viewpoint, it is important to 
note that the Asp-32 is most probably the 
EPNP reactive site in cathepsin D and that the 
active center structure in cathepsin D is very 

similar to that in pepsin and other extracellular 
carboxyl proteases. This assumption is sup- 
ported by the DAN inhibition of cathepsin D. 
We have observed that one residue of DAN is 
incorporated into the heavy chain of cathepsin 
D, consistent with the location of Asp-215. A 
DAN reactive peptide was isolated by KEILOVA, 
who showed that the sequence was very similar 
to that around Asp-215 in pepsin 42. 

The sequence similarity of cathepsin D to 
pepsin also predicted, with good justification, 
that the three-dimensional polypeptide chain 
windings in two enzymes and other carboxyl 
proteases would be very similar. (In comparing 
the sequence and tertiary structural homology 
of evolutionary related proteins, the similarity in 
three-dimensional structures are always more 
extensive than in the primary structure43). How- 
ever, a major intriguing point is evident: 
cathepsin D is about 120 residues longer than 
other carboxyl proteases. This extra, or "tail", 
region is most likely at the C-terminal region of 
cathepsin D (Fig. 4). Since cathepsin D is highly 
homologous to the gastric proteases, an approx- 
imate amino acid composition of the "tail" 
region was estimated from the difference be- 
tween cathepsin D and chymosin. The calcula- 
tion showed that the "tail" region contains high 
numbers of basic and hydrophobic residues. We 
tentatively speculate that the "tail" may func- 
tion as a membrane binding region of cathepsin 
D in the lysosomes. A similar hydrophobic tail 
is known for cytochrome b544, a membrane 
bound protein. 

An interesting isozyme of cathepsin D iso- 
lated from porcine spleen is the high molecular 
weight isozyme. This single chain cathepsin D is 
about 100,000 daltons but contains less than 
10% of the specific activity of the 50,000 dalton 
species. Upon denaturation with urea, the high 
molecular weight cathepsin D cross reacted with 
antiserum raised against cathepsin D heavy 
chain and showed complete identity. We feel 
that this 100,000 species may be a precursor to 
the single chain 50,000 dalton isozyme. 

From the above discussed findings, it appears 
that in cathepsin D the catalytic apparatus and 
the tertiary structure are very much the same as 
in the secreted extracellular carboxyl proteases. 
This is undoubtedly a consequence of divergent 
evolutionary processes (see below). The extra 
piece of "tail" structure may serve the regulat- 
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ory or specific recognition functions. Whether 
this is a general pattern for the intracellular 
carboxyl proteases remains to be seen. It is 
interesting to note, however, that two other 
intraceUular carboxyl proteases of known 
molecular weights are both larger than pepsin. 
Yeast proteinase A is about 40,000 daltons 12 
and lysosomal cathepsin E is more than 300,000 
daltons 45. 

Zymogens of Carboxyl Proteases 

The precursors of carboxyl proteases can be 
divided into two types by their activation 
mechanisms. As listed in Table 2, the acid 
activated zymogens, especially the gastric 

zymogens, have long been known. The activa- 
tion mechanism of pepsinogen has been exten- 
sively studied in recent years and is well 
documented in recent reviews TM. Chemically, 
the activation of pepsinogen to pepsin involves 
the removal of the NH2-terminal 44 residues of 
the zymogen. Under the conditions similar to 
those expected in the stomach, the zymogen is 
activated by an intramolecularly catalyzed 
mechanism 47'48, which likely utilizes nascent 
catalytic apparatus of pepsin 49. This mechanism 
appears to be a universal one for the acid 
activated zymogens. 

For the second group in Table 2 the 
zymogens are apparently not converted to the 
enzymes upon acidification. At least two sizes of 
high molecular weight-apparent renin precursors 

TABLE II 

Precursors of carboxyl proteases 

Precursors  

Molecular Weights 

Source Zymogen Enzyme 

Review or 
Original 

References 

daltons 

(A) Activated by acidification 

Pepsinogen Stomach 40,000 35,000 4 

Gastricsinogen Stomach of ~40,O00 4 
high mammals 

Prochymosin Stomach of 
40,000 35,000 4 

Uropepsinogen Plasma and ~40 OOO* -35,000* 35 
urine 

Zymogen for seminal Seminal 40,000 35,000 35 
plasma acid protease plasma 

(B) Activated by other proteases 

Proren in  Kidney and 140,000 
submaxillary and 
gland 60,000 

42,000 13 

Procathepsin D Lysosomes ~1OO,000 50,000 40 

The molecular weight of uropepsinogen and uropepsin have not been accu- 
rately determined. The figures shown in the table are based on the evi- 
dence that uropepsinogen is gastric in origin and therefore is very simi- 
lar to pepsinogen. 
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have been observed. One has a molecular 
weight of about 55,000-60,000 (big renin), 
while the other is about 140,000 (big-big 
renin)1% Several proteases, including kalikrien 
and an unidentified sulfhydryl protease have 
been shown to activate the renin precursorsS°'5< 
It is interesting that a great many similarities 
are found in the prorenin and the possible 
procathepsin D. The high molecular weight 
species are similar in sizes (Table 2); each of 
these proenzymes contains only very low en- 
zymic activity 13"~, and both enzymes are con- 
tained in intracellular granules, cathepsin D in 
lysosomes, and renin in presumably secreting 
granules 52. These apparent similarities may indi- 
cate a common pathway in the genesis at the 
subceUular level. 

Carboxyl Proteases Involving Regulatory 
Cascades 

Two regulatory cascades are known to involve 
carboxyl proteases. The system catalyzed by 

renin involving the release of angiotensin I, a 
decapeptide, from angiotensigogen in the 
plasma, is well studied. By the action of a 
carboxydipeptidase (converting enzyme), an- 
giotensin I is converted to angiotensin II, which 
stimulates the synthesis of aldosterone in the 
adrenal cortex. The amount of renin in the 
plasma is one of the regulatory factors. Renin 
differs from other carboxyl proteases in two 
respects: the optimal pH of its catalytic activity 
is about 6, and its specificity is much more 
stringent. However, renin is inactivated by 
carboxyl protease inhibitors DAN, EPNP, and 
pepstatin 13. The molecular weight is also very 
similar to pepsin. It seems reasonable to 
hypothesize that renin is homologous to pepsin 
in activity center structure and overall three- 
dimensional structttre. The higher optimal pH 
for activity may be achieved by displacements of 
the pK's of catalytic residues in the active 
center. The stringent specificity requirement of 
about eight amino acid residues near the site of 
cleavage in angiotensinogen is compatible with 
the extended binding site of 7-8 residues in the 
extracellular carboxyl proteases discussed above. 

Metabolic Signal 

and pH change 

g" 

Proteinase A-Inhibitor I Proteinase A 

B 
Proteinase B-Inhibitor I Proteinase B 

Pro-chitinsynthase Chitinsynthase 

UDP-GI cNAc (GIcNAc) 
n+l 

+ + 

(GIcNAc) UDP 
n 

Fig. 6. Cascade mechanism in the activation of chitinsynthase in yeast, as proposed by HOLZER 12. Proteinase A is a carboxy! 
protease. Proteinase B is a sulfhydryl protease. 
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A second carboxyl protease which may  func- 
tion in a regulatory cascade was proposed by 
HOLZER in the involvement of proteinase A of 
yeast  in the activation of chitin synthetase 12. As 
shown in Figure 6, proteinase A can remove  a 
protein inhibitor, I B, f rom a sulfhydryl requiring 
proteinase B, which in turn activates chitin- 
synthase f rom a precursor by a limited pro-  
teolysis. In the yeast  cells proteinase A and B 
are located in the vacuoles and their respective 
protein inhibitors are located in the cytoso112. 
The  precise in vivo mechanism of this cascade, 
which may  involve more  than one subcellular 
compar tment ,  has not  been  worked out. How-  
ever, it is interesting to note that  possibly 
because of the compar tmenta t ion  proteinase A 
does not have a stringent specificity charac- 
teristic for the enzymes involved in a regulatory 
cascade. In addition to yeast, a similar system 
may be present  in Phycomyces blakesleeanus, a 
fungus 53. 

Evolution of Carboxyl Proteases 

The chemical structures of carboxyl proteases 
determined so far indicate that they are all 
homologous in amino acid sequence. This sug- 
gests that  they are derived f rom a common 
ancestral enzyme by divergent evolutionary pro-  
cesses. The  closest remaining examples to such 
an ancestral enzyme are the fungal carboxyl 
proteases,  e.g., penicillopepsin. As already de- 
scribed above, the mammal ian  gastric enzymes 
retain the same three-dimensional  foldings as 
well as, to a somewhat  lesser extent, sequence 
homology.  

I t  is now quite certain that carboxyl proteases 
were originally derived f rom a gene duplication 
process. This was originally suspected f rom the 
high sequence similarity around the active 
center of Asp-32 and Asp-215 in pepsin 14. The 
concrete evidence has come from the tertiary 
structures in which the nearly identical chain 
windings in the N- and C-terminal  lobes were 
found 54. Such two-fold symmetry  is illustrated 
in Figure 7, in which a high degree of similarity 
between the two domains can be easily recog- 
nized. The relationships in the interact ing/3-  
strands are d iagrammed in Figure 8. The chain 
windings and the relative active aspartyl posi- 
tions in two halves are apparently the same. 

Fig. 7. A schematic drawing of the tertiary structure of a 
carboxyl protease from Endothia parasitica, viewed along 
the two-fold axis of symmetry 53. 

Even though there are only 14 identical resi- 
dues in the sequence alignment of the N-  and 
C-terminal  domains of pepsin (10 for penicil- 
lopepsin), 61 residues are at "topologically 
equivalent"  positions in the tertiary-structural 
comparison 54. 

Asp 32 

n q,'[J IO IC'I 'LO, ' °  I' I °, 

p~ Asp zl5 

Fig. 8. A schematic drawing of the secondary structure 
found in the carboxyl proteases. The strands are the 
B-structures found in the crystal structures of carboxyl 
proteases, as shown in Figures 2 and 7. Strands j and k are 
connected by a short peptide (residues 72-76). The labeling 
of the strands is from N-terminal 53. The N-terminal lobe 
consists of strands a-j and the C-terminal lobe consists of 
strands k-r. The symmetry of the two lobes can easily be 
seen. 
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c, 

Fig. 9. A schematic drawing of four structural units found in pepsin, rihe drawing is taken from the work of ANDREEVA and 
GUSTCI4mA sS. The first structural unit consists of strands a-f; the second structural unit, strands f-j (shaded); the third structural 
unit, strands k-n4; and the fourth structural unit, the rest of the C-terminal strands (shaded). The first two structural units 
comprised the N-terminal lobe (Fig. 7 and 8). The second and third structural units comprised the C-terminal lobe. 

Recently,  ANDREEVA and GUSTCHINA found an 
additional two-fold symmetry  in polypeptide 
chain foldings within each of the two lobes in 
pepsin sS. Each of the basic asymmetr ic  units, 
approximately  80 residues or one-four th  of the 
pepsin molecule,  consists of four structural 
elements: a /3-s t ructure  hairpin, a wide loop, a 
helical section, and a second/3-s t ructure  hair- 
pin. Figure 9 shows a schematic drawing of 
these four interacting basic structural units in 
pepsin. The  conformation among these four 
units is indeed very similar, especially the 
second unit (residues 86-184) and the third unit 
(residues 194-272),  which ANDm~EVA and 
GUSTCHrNA showed to be nearly superimpose-  
able. Such internal conformational  homology 
would be an unlikely result of structural re- 
quirements  of the protein;  they must  have also 
resulted f rom a gene duplication. 

Based on these structural data, the overall 
genetic events in the emergence of carboxyl 
proteases are summarized in Figure 10. The 
ancestral gene must  have coded for a protein of 
approximately 8500 daltons in molecular  

weight. The function of this protein cannot  be 
certain now. (The complications in interwining 
between the two basic structural units in each 
lobe {Fig. 9} seems to prohibit  the idea that 
they might have associated into a carhoxyl 
protease with four subunits.) By means of gene 
duplication and fusion a new gene was formed 
which coded for a 17,000-polypeptide contain- 
ing an internal two-fold symmetry.  Two of these 
polypeptide subunits can readily associate to 
form a carboxyl protease.  After  further gene 
duplication and mutat ion the enzyme would 
have contained two non-identical subunits. 
Finally, through a second gene fusion a single- 
chain carboxyl protease  emerged with two simi- 
lar lobes in the molecule. 

The  amino acid sequences of the gastric 
carboxyl proteases are very homologous,  includ- 
ing the activation peptide (zymogen) port ion of 
the structure 4. This suggests that these enzymes 
were separated at a relatively recent evolution- 
ary time. Apparent ly,  the microbial carboxyl 
proteases have no zymogen 19. The activation 
peptide of an ancestral gastric zymogen must  
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/ 
Lysosoma] 

Acid Protease 
(Tetrahymena) 

MW? 

Gene / ~ 
duplication Lysosoma] 
and fusion Cathepsin D 

Ancestral Microbial (Mammals) 
Polypeptlde Chain ~ Acid Proteases MWI"~50,000 

MW--v17,000 MWI'~,35,000 

Microbial 
Acid Proteases 
MW,-v35,000 

Gastric 
Chymosin 

(Ruminants) 
MW,'v34,000 

/ 
Ancestral 
Gastric Acid 

Protease 

Gastric 
Pepsin 

(High Mammals) 
MWA134,000 

Gastric 
Gastricsin 

(High Mammals) 
MWzx~34,000 

Fig. 11. The evolutionary relationships of carboxyl proteases. The hypothetical scheme is based on the structural information 
discussed in this article. 

have been acquired by gene fusion with the 
emergence of gastric secretory processes. This 
may have occurred independently for prorenin 
and procathepsin D. 

A close comparison of the N-terminal se- 
quences reveals that cathepsin D possesses the 
characteristics of an ancestral chain of gastric 
carboxyl proteases. As illustrated in Figure 5, 
cathepsin D shares some unique residues from 
each of the three gastric proteases. These 
include residues 6, 8, and 19 for pepsin, 
residues 10, 12, and 17 for human gastricsin, 
and residues 6, 8, 13, and 24 for chymosin. The 
sequence homology between the gastric car- 
boxyl proteases and cathepsin D appears to be 
stronger than between the microbial carboxyl 
proteases and the lysosomal enzyme. These 
observations suggest that divergence of the 
gastric proteases from lysosomal carboxyl pro- 
teases may have been a relatively late event in 
evolution. Since lysosomes and the lysosomal 
carboxyl proteases are found in lower forms of 
life, such as Tetrahymena pyriformis 11, it seems 
reasonable to suggest that the origin of the 
gastric carboxyl proteases was rooted in the 

lysosomal cathepsin D. An overall scheme of 
the possible evolutionary pathways is shown in 
Figure 11. A cathepsin D-like carboxyl protease 
in a primitive lysosome is depicted to be the 
hypothetical ancestral chain of both the gastric 
enzymes and cathepsin D. The latter can be 
expected to have fewer structural changes from 
the common ancestral chain because of an 
unaltered function in lysosomes. Following this 
line of reasoning, one might expect that protein- 
ase A of yeast, a vacuole enzyme, would be an 
evolutionary ancestor of mammalian cathepsin 
D. 
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