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Aspartic proteases (EC3.4.23) are a group of proteolytic enzymes of the pepsin
family that share the same catalytic apparatus and usually function in acid solu-
tions. This latter aspect limits the function of aspartic proteases to some specific
locations in different organisms; thus the occurrence of aspartic proteases is less
abundant than other groups of proteases, such as serine proteases. The best known
sources of aspartic proteases are stomach (for pepsin, gastricsin, and chymosin),
lysosomes (for cathepsins D and E), kidney (for renin), yeast granules, and fungi
(for secreted proteases such as rhizopuspepsin, penicillopepsin, and endothiapep-
sin). These aspartic proteases have been extensively studied for their structure and
function relationships and have been the topics of several reviews or monographs
(Tang: Acid Proteases, Structure, Function and Biology. New York: Plenum
Press, 1977; Tang: J Mol Cell Biochem 26:93-109, 1979; Kostka: Aspartic
Proteinases and Their Inhibitors. Berlin: Walter de Gruyter, 1985). All mamma-
lian aspartic proteases are synthesized as zymogens and are subsequently activated
to active proteases. Although a zymogen for a fungal aspartic protease has not
been found, the cDNA structure of rhizopuspepsin suggests the presence of a
“pro” enzyme (Wong et al: Fed Proc 44:2725, 1985). It is probable that other
fungal aspartic proteases are also synthesized as zymogens.

It is the aim of this article to summarize the major models of structure-function
relationships of aspartic proteases and their zymogens with emphasis on more
recent findings. Attempts will also be made to relate these models to other aspartic
proteases.

Key words: aspartic proteases, pepsin, gastric enzymes, lysosomal protease processing, zymogen
activation, cDNA

The amino acid sequences of a number of aspartic proteases have now been
determined. By comparing the completed sequences available so far, it is clear that
regardless of the biological sources, the aspartic proteases are homologous in se-
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Structure and Function of Aspartic Proteases JCB:55

quence. Figure 1 illustrates that different enzymes from stomach, lysosomes, kidney,
and fungi are of similar molecular size (about 330 residues), and they share, in
addition to identical residues, important structural features such as positions of
disulfide pairs and location of active sites. Of the sequences listed in Figure 1, four
aspartic protease crystal structures have been solved at high resolution. These are
porcine pepsin [1-4], rhizopuspepsin [5,6], penicillopepsin [7-9], and endothiapepsin
[5,10,11]. All four crystal structures are closely related in overall shapes and the
tracing of chain foldings. (The atomic coordinates of the fungal protease crystal
structures are available in the Brookhaven Data Bank.) Also, the structures at the
active sites are nearly identical among the four crystal structures. These comparisons,
together with the homology in primary structures (Fig. 1), predict that the tertiary
structures of all the aspartic proteases are similar and that they are derived from the
same ancestral protein by a divergent evolutionary process. Because of the similarity
in the primary and tertiary structures, it has been possible to model the tertiary
structures of aspartic proteases by fitting the amino acid sequences onto the existing,
presumably homologous crystal structures [6,7].

EVOLUTION OF THE ACTIVE CENTER

The catalytic apparatus of aspartic proteases consists primarily of two aspartic
acid residues (positions 32 and 215, Fig. 1), which were originally identified by
active-site-directed reagents: diazoacetylnorleucine methyl ester [12] and 1,2-epoxy-
3-(p-nitrophenoxy) propane [13]. These two aspartyl side chains, which are located
in the center of the apparent substrate binding cleft, are within the hydrogen bond
distance of each other [4,6,7,11] and are in essentially the same relationship in all
four crystals. This high conformational similarity among the four extends also to the
polypeptide chains near the active-site aspartyls. These observations support the
notion that the catalytic apparatus in all the aspartic proteases is virtually the same,
and the differences among these enzymes are due mainly to the differences in
specificities resulting from the structural evolution of the sites for substrate side chain
bindings. The hypothesis that the aspartic proteases share the same catalytic apparatus
is supported also by the fact that they are universally inhibited by the two active-site
reagents mentioned above and by pepstatin, a transition-state analogue inhibitor
[14,15].

In contrast to the good agreement in the structure of catalytic apparatus, little
agreement exists in the translation of this apparatus into a catalytic mechanism. It
appears clear now that no stable covalent acyl or amide intermediate is present during
catalysis [16,17] and also that, owing to conformational reasons, neither of the active-
site carboxyls can serve directly as a nucleophile in the peptide bond hydrolysis.

Fig. 1. Homology alignment in the available amino acid sequences of aspartic proteases and zymogens.
The residue numbering is based on porcine pepsinogen and pepsin. The activation peptide residue
numbers carry a prefix P. The numbering for the enzyme part starts at the N-terminus of porcine pepsin.
The sequences are grouped according to their sources. The first group of seven sequences are gastric
enzymes. The second group of three sequences are renins. The third group of two sequences are fungal
enzymes. The alignment positions are based on both the maximum homology and the structurally or
functionally important residues (such as KY at P36-P37, see text). The N-terminal positions of active
proteases arc marked by solid diamonds. References are in brackets.
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Thus, it is likely that a concerted mechanism exists that produces, at the transition
state, two tetrahedral atoms at the carboxyl and amide positions of the scissile bond.
This is supported by the structure of the transition state inhibitor statine [15,18,19] as
well as the 1*C nuclear magnetic resonance data of statine derivatives {20].

The precise catalytic roles of the aspartyls are unclear. Since a water molecule
is found equidistant from these carboxyls [9,21], it may have an enhanced nucleo-
philicity in the attack on the carbon atom of the carbonyl group of the scissile peptide
bond [22]. Alternatively, the aspartyl groups may serve to polarize the substrate
carboxyl [23] in a manner similar to the “oxyanion hole” of the serine proteases.

The amino acid sequences around the two active-site aspartyl residues are highly
similar. In addition, there is a near symmetry of the conformation surrounding those
residues. This twofold symmetry in conformation can be extended to the entire
molecule in each of the four available aspartic protease crystal structures. This is the
result of the separate but nearly identical folding of the two halves of the aspartic
protease molecules [24], as illustrated in Figure 2. The substrate binding clefts are
located between the N- and C-terminal lobes and extend nearly the entire width of
the enzyme molecules. Within each of the lobes, another twofold symmetry in
polypeptide foldings can be seen [10,25], although these similarities are less obvious.
Therefore, the genes for the aspartic proteases must have originated from an ancestral
gene of about one-fourth the size of the present gene. The evolution of the ancestral
gene to the genes from the aspartic proteases must have involved at least two separate
gene duplications and fusions [24]. From this evolutionary scheme, it can perhaps be
speculated that the emergence of a primordial aspartic protease took place after the
first gene duplication and fusion to produce an enzyme with two identical subunits,
each contributing an active-site aspartic acid.

Fig. 2. Schematic presentation of two-fold symmetry in the conformation of aspartic proteases. The
view is from the opposite side of the substrate-binding cleft. The symmetry is on the two sides of the
dotted line.
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The substrate binding clefts of the aspartic proteases are located essentially
between the N- and C-terminal lobes and run across the entire width of the molecules.
The cleft can accommodate the side chains of eight residues in a polypeptide substrate,
equally divided on both sides of the catalytic aspartyls. The binding positions of major
substrate side chains, those near the catalytic apparatus, have been identified in some
of the crystal structures [6,23]. There is a lack of agreement in the assigned substrate
binding residues among the aspartic proteases. This is not surprising since the
specificities of the aspartic protease are drastically different. They range from a
highly stringent structural requirement for renin to a fit-all design of pepsin and the
fungal enzymes.

The discussions above suggest that during evolution the catalytic apparatus in
the aspartic proteases was essentially unaltered, and the functional selection of the
specificities was accomplished by changes of the substrate binding cleft. In this
respect, the evolution of aspartic proteases is similar to that of other proteases, such
as the difference between the active center of trypsin and chymotrypsin in serine
protease. However, unlike the case of serine proteases, for which the increase of
specificity is often accomplished by the addition of protein components to the enzyme
(see Neurath, this UCLA Symposia volume), the enhanced specificity in aspartic
proteases, such as renin, is achieved by the restricted steric requirements of the
extended binding cleft.

GASTRIC PROTEASES

The best studied gastric aspartic proteases are those from the stomachs of high
mammals. There are three different gastric aspartic proteases. Pepsin (or pepsin A,
EC3.4.23.1) from several species has been sequenced (see Fig. 1), but the pig enzyme
is the only gastric protease for which a high resolution crystal structure exists [4].
Gastricsin (or pepsin C, EC3.4.23.3) differs from pepsin in pH optimum, in some
specificity, and considerably in primary structure (Fig. 1). Gastricsin is present in
significant quantity in the stomachs of man [26,27] and monkey [28]. It is apparently
the major protease in rat stomach [29]. Chymosin (EC3.4.23.4), which is present in
the stomach of newborn ruminants, has low proteolytic activity but can effectively
partially hydrolyze casein and clot milk.

Recent sequence determinations of gastricsin from monkey [30] and man [31]
enable comparisons of the structural relatedness of all three gastric proteases (see Fig.
1). It is interesting that the sequences of pepsin from humans [32] and monkeys [33]
are closer to the bovine chymosin sequence [34,35] than the gastricsin sequence from
the same species. The closer structural relationships of pepsin and chymosin are
achieved in spite of the cross-species comparison and specificity differences. These
observations suggest that the divergence of pepsin and chymosin is the most recent
event in the evolution of three gastric aspartic proteases.

An interesting structural relationship may exist between stomach gastricsin and
the aspartic protease of seminal plasma. The seminal enzyme cross-reacts with
antibody against gastricsin [36,37], and the two enzymes are close in amino acid
compositions [38]. The seminal protease is synthesized in the prostate and secreted as
a zymogen [39]. Although the physiological function of this protease is still not
known, existing evidence seems to point to a close structural relationship with the
gastric enzymes.
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Another aspect of interest is the close relationship of the structures of gastric
and fungal aspartic proteases. Considering that these are all “general purpose”
proteases secreted to function outside of cells, the strong structural conservation is
not surprising.

MAMMALIAN LYSOSOMAL CATHEPSIN D

Cathepsin D is a major endopeptidase present in the lysosomes. The physiolog-
ical function of this enzyme is to degrade proteins. Cathepsin D has a broad peptide
bond specificity similar to pepsin and gastricsin. However, unlike the gastric pro-
teases, cathepsin D functions inside the cells. Thus it is interesting to compare the
structure-function of cathepsin D with other aspartic proteases.

The amino acid sequences of porcine cathepsin D {40] and human cathepsin D
[41] are very homologous to other gastric and fungal aspartic proteases. In the
alignment of Figure 1, cathepsin D shares 49% identical residues with mouse sub-
maxillary renin, 46% with human renin, 48% with porcine pepsin, and 26% with
penicillopepsin. This similarity includes the most conserved regions around the active-
site aspartyl residues. Thus, it can be predicted that the three-dimensional structure
of cathepsin D is very closely related to the crystal structures of other aspartic
proteases discussed above.

Two aspects of cathepsin D structure are different from other aspartic proteases.
First, porcine cathepsin D is glycosylated at Asn residues at positions 67 and 183
(Fig. 1). Five oligosaccharide units were found at position 67, and three oligosaccha-
rides were found at position 183 [42]. Most of these carbohydrate structures are
variants of N-linked high-mannose oligosaccharides, which are known to contain the
targeting signal, mannose-6-phosphate, for the lysosomal hydrolases [43]. Like other
lysosomal enzymes, cathepsin D appears to contain a site on its polypeptide structure
that is recognized for the enzymic phosphorylation of its mannose by a phosphotrans-
ferase (N-acetylglucosaminylphosphotransferase) [44]. The function of this site seems
to depend on the conformation of the native enzyme; thus the recognition by phospho-
transferase diminishes when the light and heavy chains of the porcine cathepsin D are
separated [41]. For this reason, it has been difficult to identify the location of the site.
The second major structural difference in cathepsin D is the sequence involved in the
processing of single chain to two-chain enzyme in vivo. The structures of the
proteolytically processed sites in cathepsin D are of considerable interest since it is
known that all the lysosomal hydrolases are proteolytically processed after biosyn-
thesis [45-47]. The predominant form of the porcine cathepsin D is a two-chain
enzyme that has been cleaved between residues 97 and 98 (Fig. 1). Bovine cathepsin
D, however, exists in equal amounts of single and two-chain species [48]. The amino
acid sequence at the processing site in these enzymes have been determined recently
as follows [49]:

85 991AB CDEFGHI 92 95
Singlechain: ... LS QDTV SVPCNPSSSSPG GVT V.....
Two-chain: . .. Bovine L-chain ___Bovine H-chain

These results indicate that the processing of bovine single-chain cathepsin D takes
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place at two Ser-Ser bonds between residues 91E-91F and 91G-91H. Another
interesting aspect is the conformation of the processing region. Alignment of the
bovine sequence above against the corresponding region of porcine pepsin shows that
nine residues from 91A to 911 are insertions in cathepsin D. The insertion position in
pepsin (residues 91-92) is located at the end of an antiparallel $-hairpin structure,
which slightly protrudes from the surface of pepsin crystal structure. Thus, the
additional region of nine inserted residues probably loops outside the cathepsin D
molecular surface. Alignment of the human cathepsin D sequence with the pepsin
sequence indicates the presence of a similar insertion at the same region (Fig. 1).
This unique conformation should be readily hydrolyzed by another protease of
appropriate specificity. However, it is not certain at the present whether the purpose
of this conformation serves as recognition for the processing of cathepsin D. To
summarize, cathepsin D is structurally very similar to other “general purpose”
aspartic proteases. The special structural features appear to function in lysosome
targeting and proteolytic processing.

It is appropriate to compare the structure and function relationships of cathepsin
D and yeast proteinase A. Both enzymes occur in granules and hydrolyze proteins
intracellularly. In amino acid sequence, cathepsin D is more closely related to
proteinase A than other mammalian aspartic proteases [50] (see also Fig. 1). Like
cathepsin D, proteinase A contains two Asn-linked oligosaccharide units [51,52]. It is
interesting to note that for the two potential glycosylation sites seen in the proteinase
sequence, one is identical with that in cathepsin D (residue 68, Fig. 1) The other
glycosylation site in proteinase A (residue 267, Fig. 1) is quite far from that of
cathepsin D (residue 183, Fig. 1). However, based on the crystal structures of aspartic
proteases, these two glycosylation sites are located on two adjacent S-strands quite
near each other. Although another yeast granule enzyme, carboxypeptidase Y, is
known to be phosphorylated on the oligosaccharides [53], it is not known whether
this is the case for proteinase A. The above discussion nevertheless suggests a close
relationship in the structure and function of these two enzymes.

ACTIVATION OF ASPARTIC PROTEASE ZYMOGENS

It is likely that all aspartic proteases are biosynthesized as larger proenzymes,
which are subsequently converted to mature enzymes. In addition to the gastric
zymogens, such as pepsinogen, the existence of the zymogens has been established
for renin [54], cathepsin D [41,46], seminal plasma acid protease [38], yeast protein-
ase A [50], and fungal rhizopuspepsin [55]. The amino acid sequences of most of
these zymogens are shown in Figure 1. The conversion of zymogens to enzymes
involves the removal of the N-terminal region, which is about 45 residues. The
conformation of the activation peptide of porcine pepsinogen is known from the
solution of the crystal structure of this protein [56]. As shown in Figure 1, the
sequences of activation peptides are of similar length and are apparently homologous
to one another. Thus, the conformations of the activation peptides in aspartic protcase
zymogens are likely quite homologous.

There appear to be two ways the aspartic protease zymogens can be activated
under the physiological conditions. Most of these zymogens are activated upon
acidification. This route of activation is known for pepsinogen [57], other gastric
zymogens [58,59], seminal protease zymogen [38], and procathepsin D [60]. The
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mechanism of acid activation has been well studied for porcine pepsinogen and
documented in reviews [61,62]. Porcine pepsinogen activates by an intramolecular
mechanism under the conditions (pH 1-2) similar to those expected in the stomach
[63-65]. The intramolecular mechanism involves first the “local denaturation” of
activation peptide to reveal the pepsin active site [66,67]. The activation peptide is
then bound to the substrate cleft, which resuits in the cleavage of Leu-lIle bond at
residues 16-17 and the release of the N-terminal peptide [68]. The remainder of the
activation peptide (residues 17-44) is then removed, probably by another pepsin
molecule. The intramolecular activation mechanism of porcine pepsinogen has been
studied kinetically in some detail [69,70]. In the activation of pepsinogen and progas-
tricsin from several species of mammals, the first cleavage sites in the activation
peptides appear to differ [71]. This is probably related to the sequence changes in the
activation peptides and their suitability as substrates of their respective active sites in
the intramolecular hydrolysis. When the activation peptide sequence is not suited for
the enzyme specificity, the activation peptide may be removed in its entirety, as in the
case of monkey pepsinogen [72]. Whether this is an intramolecular process is not yet
known. Judging from the pepsinogen crystal structure [56], the N-terminal 12 residues
of pepsin molecule must also be displaced with the activation peptide during the
“local denaturation” step at the beginning of the acid activation. Thus, there seems
no conformational reason why the activation peptide can not be removed en bloc
during the intramolecular catalysis. Alternatively, a pepsin-catalyzed pepsinogen
activation in acid has been demonstrated [65] and can serve to remove the entire
activation peptide. This bimolecular mechanism, which is predominant at high zy-
mogen concentration and pH range of 2.5 to 3.5 [65], is probably a minor route
under physiological conditions.

Procathepsin D is known to activate in acid [60]; thus it may have an intramo-
lecular activation mechanism similar to that of pepsinogen. The pulse-chase experi-
ments suggested that this activation takes place in the acidic environment inside of the
lysosomes. Although the mode of activation is not known for rhizopuspepsinogen, it
may also be activated in the secretory granule by an intramolecular mechanism.

The activation mechanism for the aspartic protease zymogen prorenin is unique.
Since prorenin cannot be activated by acidification and it contains at the end of
activation peptide a Lys-Arg sequence that is characteristic for prohormone activation,
the involvement of a second protease that recognizes two basic residues is assumed.
Perhaps owing to this difference in mode of activation, the activation peptides of
prorenins contain fewer basic residues (from 6 to 8) than those in other aspartic
protease zymogens (usually from 12 to 14). Many of these basic residues are proposed
to take part in charge interaction in the native porcine pepsinogen molecule and thus
contribute to the “local denaturation” of the activation peptide upon acidification
[56]. Notably absent in the renin group is residue Lys-P36, which is involved in the
interaction with active-site aspartyls [56] and is otherwise conserved in other zymogen
sequences (see Fig. 1).

Comparing the two activation systems, the intramolecular mechanism is proba-
bly selected in evolution for its speed and for its cell economy of not requiring another
activating enzyme. It seems an advantageous mechanism for digestive proteases for
which regulation is not essential. Another conceivable advantage for the intramole-
cular mechanism is that the resulting aspartic protease can initiate the activation of
other proteases in a cascade. Supporting evidence exists for the possible function of
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proteinase A in the activation of other proteases in the intracellular granules [73].
When regulation is obviously required, as in the case of prorenin, the activation by
another protease than becomes necessary.

CONCLUDING REMARKS

The aspartic proteases discussed above are all derived from the same evolution-
ary origin. Although their functions are diverse, their amino acid sequences appear
to be highly conserved. One of the reasons perhaps is the large substrate binding
cleft, which allows the broad specificity alteration without having to provide addi-
tional protein domains, as in the case of serine proteases evolution. However, some
aspartic proteases are reported to have larger molecular weights, such as cathepsin E
[74] and a pituitary enzyme that is involved in the prohormone processing [75]. It
remains to be seen whether additional domains exist in these enzymes.

Although the aspartic proteases are apparently derived in evolution from gene
duplications and fusions, no clear primordial enzyme has so far been observed. A
possible candidate for this is the pepstatin-insensitive acid protease B; from Scytali-
dium lignicolum [76]. This enzyme contains 204 residues and appears to have an
active-site aspartic acid that can react with the epoxide inhibitor. There is no apparent
sequence homology between this enzyme and other aspartic proteases. A distant
relationship of this enzyme to the others might be revealed by determination of its X-
ray structure.
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