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PERSPECTIVES AND OVERVIEW 

In the past dozen years, our understanding of the structure and function 
of the aspartic proteinases has increased greatly. We have made spectacular 
progress in determining precise crystal structures of many of these enzymes 
so that the mechanistic proposals of the enzymologists could be interpreted 
in three-dimensional terms. In this review, I describe the structures of these 

1 The US Government has the right to retain a nonexclusive, royalty-free license in and to 
any copyright covering this paper. 
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190 DAVIES 

enzymes as determined by X-ray diffraction and the results of inhibitor 
binding studies, and discuss how these data have helped to clarify the 
catalytic mechanism. 

The aspartic proteinases make up a widely distributed class of enzymes. 
They are found in vertebrates, fungi, plants, and, more recently, retro
viruses. They are characterized by pH optima in the acid range; inhibition 
by pepstatin, a hexapeptide from Streptomyces (101); the use of two 
aspartic acid side chains in the catalytic mechanism (29, 58); and specificity 
for extended peptide substrates (28, 29, 43). Hofmann (39) has noted that 
aspartic proteinases have a long history: chymosin, in the form of rennet, 
has been used for millenia in cheese making and aspartic proteinases are 
also used in making soy sauce, which reportedly originated during the 
Zhou dynasty (60). 

Recently, a novel form of aspartic proteinase has been discovered in 
retroviruses. Miller et al (67) reported crystal structures for the proteinase 
from Rouse Sarcoma virus, while others (69, 105) have determined those 
for the proteinase from the human immunodeficiency virus, HIV -1. These 
are the first retroviral proteins to be analyzed by X-ray diffraction. Co
incidentally, in 1934 Bernal & Crowfoot (Hodgkin) ( 7) analyzed an aspartic 
proteinase, pepsin, the first crystalline protein ever analyzed by X-ray 
diffraction. 

As in the other proteinase families, the individual enzymes perform 
many functions. The best known gastric enzymes, such as pepsin, gastric
sin, and chymosin (formerly rennin), are involved in digestion. Cathepsin 
D, a major lysozomal enzyme, also degrades proteins, but does so intra
cellularly. Other enzymes, such as renin, produce very specific cleavage in 
a single protein to produce a decapeptide that is the precursor of angio
tensin II, an octapeptide that is a major factor in the control of blood 
pressure. In the fungi, the aspartic proteinases may play a role in sporu
lation (39). In the retroviruses, many of the viral proteins are synthesized 
as polyproteins, which during activation of the virus are cleaved by the 
retroviral proteinase (21). 

All of the vertebrate and probably most of the fungal aspartic pro
teinases are synthesized as inactive zymogens, and contain an additional 
N-terminal segment, approximately 45 amino acid residues long, that gets 
cleaved and separated upon activation (104). Recently, a crystal structure 
for pepsinogen has been reported (50) along with a proposal for the 
mechanism of activation. The Protein Data Bank (8) also contains co
ordinates for an independently determined high resolution refined struc
ture of pepsinogen (36). 

Three major meetings have been devoted to the aspartic proteinases. 
The first, organized by Jordan Tang, was held in 1976, and resulted in a 
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ASPARTIC PROTEINASES 191 

book (96). The second meeting was in Prague in 1984 and also yielded a 
book (61). A book of abstracts (25) came out of the third meeting, in 
Elsinore in 1988, organized by Bent Foltmann and colleagues. The pro
ceedings of these three meetings, Prague in particular (61), provide an 
excellent introduction to this field. Other useful reviews include those by 
Tang & Wong (99) on sequence, James & Sielecki (51) on structure and 
mcchanism, and Hofmann (39) on general aspects. 

PRIMARY STRUCTURE 

Most of thc mammalian, plant, and fungal aspartic proteinases are single
chain enzymes with a molecular weight of � 35 kd. Porcine pepsin was the 
first to be sequenced (68, 98), and by now there are sequences for 22 
proteinases [for rcvicw scc (25, 99)]. The enzymes are approximately 327 
amino acids long, with � 5% sequence identity between all members of 
the family. The aspartic proteinases have characteristic sequences in the 
region of the two catalytic aspartyl residues: (hydrophobic, generally Phe)
Asp32-Thr-Gly-Ser in the N-terminal domain, and a corresponding 
(hydrophobic )-Asp215-Thr-Gly-Ser/Thr in the C-terminal domain (pepsin 
numbering). 

The zymogens have an N-terminal pro peptide of up to 50 amino acids 
long (44 in pepsinogen), which is cleaved upon activation (see below). 
With one exception they contain an invariant lysine at position 36 in the 
propeptide (25, 99). 

The retroviral proteinases are considerably smaller than the pepsinlike 
enzymes; they are less than 130 amino acids long. They also contain the 
sequence Asp-Ser/Thr-Gly, on which grounds Toh et al (100) proposed 
these proteinases belonged to the general aspartic proteinase superfamily. 
Pearl & Taylor ( 74) aligned the sequences of 16 retroviral proteinases with 
each of the two domains of the pepsinlike proteinases, based on matching 
patterns of residue conservation and secondary structure predictions. For 
both criteria, they found a pattern of equivalence between the three 
scquences. They concluded that the retroviral proteinases could be 
modeled to be "parsimonious versions" of the domains of the pepsinlike 
structures and associated in pairs to give an active enzyme. 

THE PEPSINLIKE SINGLE-CHAIN PROTEINASES 

Three-Dimensional Structure 

High-resolution crystal structures have been reported for penicillopepsin 
(48), rhizopuspepsin (90), endothiapepsin ( 72), porcine pepsin (3), pep-
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192 DAVIES 

sinogen (50), human renin (85), natural and recombinant chymosin (31, 
81,102), and mucorpepsin (Table 1) (102). Comparison of all these proteins 
shows that they have a considerable degree of structural similarity. In this 
review, space limitations preclude a separate discussion of each structure. 
Although many of the figures shown here apply to rhizopuspepsin (90), 
the general features are applicable to all members of the family. 

Figure I is a stereo drawing of the Ca: atoms of rhizopuspepsin, showing 
its tertiary structure. The overall secondary structure consists almost 
entirely of pleated sheet with very little a-helix. The molecule is bilobal 
with two domains of similar structure related by an approximate dyad 
rotation axis originally observed in endothiapepsin and penicillopepsin by 
Tang et al (97). Within the N- and C-terminal domains, less precise two
fold symmetry has been noted (1, 11). A large cleft, about 40 A long, runs 
entirely across the molecule, and separates the two domains. Oligo peptide 
inhibitors have been observed to bind within this cleft. Beneath the two 
domains, an extensive six-strand antiparallel pleated sheet forms the base 
of the molecule. Figure 2 shows a schematic representation of the folding. 
It does not include the residues in the loops, i.e. those not contained within 
alpha helices or in beta sheets. The central six segments make up the basal 
pleated sheet; each domain contributes three strands. 

The Catalytic Site 

The catalytic aspartic acid residues are located on the ends of the loops of 

two Greek psi-like loops, which extend from each domain and are related 
to each other by the pseudodyad axis. Here, in the middle of the extensive 

Table 1 Crystal structures for the pepsin class of aspartic proteinases 

Enzyme Resolution (A) R-value References 

Porcine pepsin 2.0 2-4 

Endothiapepsin 2.1 0.16 10, 56, 72, 89 

Chymosin, recombinant" 2.3 31 

Porcine pepsinogen (bY 1.7 0.173 36 

Peniciliopepsin 1.8 0.136 46,47,48 

Porcine pepsinogen (a) 1.8 0.167 50 

Chymosina 2.2 81,102 

Human recombinant renin 2.5 0.236 85 

Rhizopuspepsin 1.8 0.143 88,89,90 

Mucorpepsina 2.6 102 

'Indicates very preliminary announcement in Ref. 25. 
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ASPARTIC PROTEINASES 193 

Figure 1 Stereo view of the Ca backbone of rhizopuspepsin. Note the bilobal nature of the 
structure and the extensive substrate binding cleft. The lower and upper lobes correspond 
to the N- and C-terrninal domains, respectively. The flap is visible at the bottom right. 
Rhizopuspepsin numbering. 

cleft, the structures of all these enzymes are very similar. Sielecki et al (85) 
have superimposed this core region of the active site for the three fungal 
proteinases, residues 30--35, 120-124, 213-218, and 301-305, that make 
up the two psi's. They report root mean square (rms) differences for 105 
main-chain atoms of approximately 0.24 A and that human renin differs 
from these three enzymes by only 0.45 A. 

Figure 3 represents a superposition of penicillopepsin and rhizo
puspepsin. The rms displacement of 294 carbon alpha atoms in the two 
structures is only 1.21 A, and the figure shows that the active site atoms 
are almost completely superimposable. The longest stretch of identical 
residues in penicillopepsin and rhizopuspepsin is from 72 to 85 and includes 
a hairpin loop known as the "flap," which projects out over the cleft at 
the active site. In these two structures, however, the positions of the tips 
of the flaps differ significantly, at least partially because of different crystal 
contacts in this region. 

The two carboxyl groups at the active site are connected to one another 
through a complex network of hydrogen bonds that makes use of the Asp-
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194 DAVIES 

Figure 2 The rhizopuspepsin structure shown schematically. Both domains consist almost 
entirely of beta-sheet structure with just a few short helical segments. The middle six segments 
form the basal pleated sheet; the rest of the two domains are on either side. The approximate 
dyad axis would be located in the center of the figure, perpendicular to the paper. The two 
X structures containing the Asp-Thr-Gly-residues occur in the middle of each domain. The 
flap is the hairpin loop shown at the extreme right. 

Thr�Gly-Ser sequence (Figure 4). The two threonines play a crucial role; 
the hydroxyl groups each form hydrogen bonds to the other threonine's 
amide nitrogen. They are also within hydrogen-bond distance of the car
bonyl oxygen atoms of the two hydrophobic residues preceding the cata
lytic aspartics (47, 69, 86). See Figure 4. 

One might expect this network of hydrogen bonds to make the active
site region of the molecule quite rigid, and the low crystallographic B 
factors observed in this region confirm this idea. One exception is the flap, 
which in the native enzyme has a high B factor, indicating high mobility. 
This flap closes down over inhibitors bound in the cleft, further excluding 
solvent, while becoming considerably less mobile (18, 54, 92). 

The binding pockets for each residue of substrate, up to four on the N
terminal side of the scissile bond and two on the C-terminal side, have 
been described for penicillopepsin (51,52), rhizopuspepsin (92), and endo
thiapepsin (82). The number of enzyme residues involved at each subsite 
varies with the size of the substrate-inhibitor side chain and with the 
criteria used for defining a contacting residue, but extensive contact is 
made in all six subsites. 
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ASPARTIC PROTEINASES 195 

Figure 3 A superposition of penicillopepsin and rhizopuspepsin. Same view as in Figure 1. 
Rhizopuspepsin is drawn with a thicker line. Note the high degree of similarity in the vicinity 
of the active site. 

The Zymogens and the Mechanism of Activation 

The aspartic protcinases arc mostly produced in zymogen form. The X
ray analyses of one zymogen, pepsinogen, have led to a structural interpret
ation for the lack of activity of the zymogens and for their mechanism of 
activation. Two studies (36, 50) have determined the crystal structure of 
pepsinogen. 

Pepsinogen, the inactive precursor of pepsin, has an additional 44 amino 
acid residues at the N-terminus (50). This propeptide is quite basic and 
contains nine lysine, two arginine, and two histidine residues (Figure 5). 
The propeptide's release, which activates the zymogen, is carried out at 
low pH in an autocatalytic manner (38). Spectroscopic analysis showed 
that electrostatic forces were important in stabilizing the zymogen and 
that some loss of helical structure accompanied activation (75). McPhie 
demonstrated that if the pH is reduced to 2.85, a rapid change of 
conformation occurs that is reversible if the pH is quickly returned to 
neutrality (66). 

James & Sielecki (50) report that the N-terminaI 44-residue prosegment 
folds into a compact domain that occupies the active site/cleft region of 
pepsin (Figure 5). The conformation of the polypeptide chain in the vicinity 
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,,. 

Figure 4 The conformation of the residues Asp-Thr-Gly-Thr-Ser from the two domains at 
the active site of rhizopuspepsin (90). The thin lines indicate the distances short enough to 
correspond to potential hydrogen bonds. (Since the hydrogen atoms cannot be seen directly 
in the normal protein electron density map, the assignment of hydrogen bonds is subject to 
debate.) The approximate dyad axis passes vertically between the two domains and through 
the water molecule 5 0 7. The two aspartic residues D35 and D218 correspond to D32 and 
D2l5 of pepsin. A calcium ion is observed in the vicinity of the catalytic site of rhizopuspepsin 
(lower right), resulting from the crystallization conditions. Nitrogen atoms are black, oxygen 
atoms are stippled. 

a 
1P SP 

LEU-VAt -LTS-VAL -PRO-

6p lOP 

LEU-YAL-ARG-lYS-US-
IIp IS, 
SER-lEU-ARG-GlN-ASN-

16P 20P 

LEU-}lE-L'tS-ASP-Gl y-

21P 25P 

LYS-L�U-LYS-ASP-PHt:-

26P 30P 
l.EU-1. YS-1HR-HlS-LY5-

31P 35P 
HI S-ASN-PRO-ALA -SER-

36P 40P 

LYS-TYR-PHI-PRO-GlU-

41P 44P 

ALA-ALA-ALA-LEU-

Figure 5 The propeptide fragment of bovine pepsinogen. (a) The sequence of the propeplide. 
(b) The structure of pepsinogen with the propeptide backbone bonds in black. (c) A ribbon 
drawing of the secondary structure of the propeptide. Reproduced from James & Sielecki 
(5 0), with permission. 
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ASPARTIC PROTEINASES 197 

of the two catalytic aspartates is similar to that observed in penicillopepsin 
(0.36 A for 48 common atom pairs). Also, the overall folding pattern of 
the zymogen's active part resembles the common fold of the aspartic 
proteinases. However, the position of the first 12 residues of pepsin differs 
in the two structures, and the side chain, Ile 1, of the zymogen is located 

� 40 A away from its position in the active enzyme. The first six residues 
of the pro peptide of pepsinogen, Leu-1P to Leu-6P, occupy the same 
position in the zymogen as the first six residues of pepsin in the active 
structure. 

James & Sielecki (50) suggest that inhibition presumably occurs because 
residues Ser-IIP to Leu-44P in the propeptide block access to the catalytic 
aspartates in the active site of the enzyme. In particular, the amino group 
of the almost invariant Lys-36P is located close to the two carboxyl groups 
of these aspartates, � 0.5 A from the position of a bound water molecule 
observed in most of the active enzyme crystal structures. 

The propeptide makes a number of electrostatic interactions with the 
enzyme structure; six of the basic amino acid side chains form ion pairs 
with carboxylate side chains of the pepsin structure. Lowering the pH 
possibly protonates these carboxylates, causing a breakup of the complex, 
followed by cleavage of the bond between Leu- 1 6P and Ile-17P, with 
further proteolysis leading to formation of the active enzyme (50). 

Inhibitor Binding Studies 

The catalytic aspartic acids were originally identified by the active site 
reagents diazoacetylnorleucine methyl ester (78) and 1,2-epoxy 3-(p-nitro
phenoxy) propane (23). Pepstatin (101), which contains the unusual amino 
acid statine, (3S,4S)-4-amino-3-hydroxy-6-methylheptanoic acid, and is 
proposed to be a transition state analog (63), universally inhibits the 
members of the aspartic proteinase family, evidence that supports the view 
that these enzymes all have a similar mechanism of action. 

A detailed description of the inhibitors of the aspartic proteinases is 
beyond the scope of this review but is reviewed elsewhere (13, 79, 93). 
Here, I will describe two classes of inhibitor that bind to one of the three 
fungal proteinases. They are (a below) those containing a statine residue 
in the PI position (13, 14, 79) and (b, c, d, e below), those that are transition 
state isosteres and mimic the tetrahedral intermediate of the transition 
state (79, 93-95). [The notation of Schechter & Berger (83) is used here, 
in which the residues of the substrate are numbered away from the scissile 
bond, PI - - - Po on the N-terminal side and P'l - - - P� on the C-terminal 
side. Corresponding enzyme subsites are labeled So.] 
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-CHR-C(OHh- - - N+HrCHR'- Tetrahedral intermediate. 

(a) -CHR-CHOH- - - -CH2-CO-NH-CHR'-Statine analog 

(b) -CHR-CH2 - - -N+Hz-CHR'- Reduced peptide 

(c) -CHR-CHOH - - -CHz-CHR'

(d) -CHR-CO - - - - -CHrCHR'

(e) -CHR-C(OH)z- CHz-CHR'-

Hydroxy isostere 

Keto isostere 

Ketone hydrate 

The keto isostere (d) has been shown by l3C NMR analysis to form the 
gem diol tetrahedral adduct with pepsin (45), acquiring a water molecule 
from the solvent, thus providing support for the general base-general acid 
type of mechanism. 

These inhibitors have been extensively used to explore the sub site speci
ficity of particular aspartic proteinases, but there has also been a focus on 
inhibitors directed specifically against human renin, with the expectation 
that some will prove useful in the treatment of hypertension (32, 93). 
Since these inhibitors also effectively inhibit most of the other aspartic 
proteinases that have much broader specificity than renin, they have been 
examined by X-ray diffraction complexed to the fungal enzymes. The 
structures of these complexes have provided information critical to eval
uating the plausibility of the mechanistic proposals as well as providing 
models for the inhibitor's binding to renin. Now that the structure of renin 
itself has been determined (85), we will be able to see how well these results, 
and, in particular, how the modeling of these inhibitors to models of renin 
compare with the actual binding of these inhibitors directly to renin (12). 
However, comparison with models will be hampered by the observation 
that the regions of the renin molecule that provide its specificity have been 
difficult to model accurately (85). 

Renin cleaves the 10-1 1  bond of angiotensinogen to release the N
terminal decapeptide angiotensin I (Table 2). Cleavage of the two angio
tensin I C-terminal residues by angiotensin converting enzyme (ACE) 
produces the octapeptide angiotensin II, which plays an important role in 
the regulation of blood pressure, water, and electrolyte balance. Pep tides 
taken from the first 13 amino acids of angiotensinogen were demonstrated 
to act as weak competitive inhibitors of renin even though they were 
hydrolyzed slowly (32, 33, 59, 87). These peptides, in particular the octa
peptide His-Pro-Phe-His-Leu-Leu-Val-Tyr-OH (86, 87), have been used 
to design more effective inhibitors for renin, both for the statine-containing 
class of inhibitors and for the transition-state isosteres. 

Table 3 shows those inhibitors complexed with one of the fungal enzymes 
that have been examined by high-resolution X-ray diffraction. Some bind 
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Table 2 Angiotensinogen and products 

Angiotensinogen, human 

Angiotensinogen, horse 

Angiotensin I 

Angiotensin II 

Amino acid number 

2 3 4 5 6 7 8 9 10 11 12 13 14 

RENIN 

I 
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-Val- Ile -His 

Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-Leu-Val-Tyr-Ser 

ACE 

I 
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu 

Asp-Arg-Val-Tyr -I1e-His-Pro-Phe 

very tightly to the respective proteinase: e.g. the pepstatin fragment binds 
to penicillopepsin with a Ki value of approximately 1.6 nM (54), and the 
L-363,564 inhibitor has a Kj to endothiapepsin of 16 nM (26, 27). 

GENj'lRAL MODE OF BINDING All of these inhibitors bind in the cleft so that 
similar hydrogen bonds form from the enzyme to the backbone of the 
inhibitor on the N-terminal side of the scissile bond. Figure 6 shows the 
conformations of three inhibitors of en do thia pepsin in two superpositions 
(26). The reduced inhibitors H-142 and H-256 superpose very well, while 
H-142 and L-363,564 superpose surprisingly well, especially on the C
terminal side of the scissile bond region, considering that L-363,564 con
tains a statine residue. The two additional atoms brought in by the statine 
backbone cause this residue to project beyond PI' introducing a "frame 
shift" (13) in the subsequent amino acids. This alignment of pepstatin, 
originally conceived by Powers et al (77) on the basis of an analysis 
of pepsin inhibitors and subsequently based directly on the structure of 
pepstatin bound to rhizopuspepsin (15, 16), facilitated the design of better 
renin inhibitors (13, 14, 93). 

Some of the inhibitor side chain locations beyond the C{3 atom, even on 
the N-terminal side of the scissile bond, can differ widely, especially in P2 
where the two inhibitors of endothiapepsin in Figure 6b have their histidine 
side chains oriented in two different ways. The mode of binding for the 
other two fungal proteinases follows a similar pattern. Rhizopuspepsin 
has similar binding differences of the side chain of P2 (91). This presum
ably reflects the lack of high specificity at these positions in the fungal 
proteinases. 

Sali et al have recently analyzed (82) the binding to endothiapepsin 
of an oligopeptide analog inhibitor with a (S)-hydroxyethylene moiety 
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Table 3 Enzyme inhibitor complexes studied crystallographlcall y 

Enzyme' Inhibitor 

Renin substrate 

EP H-142 
EP H-256 
RP Reduced peptide 

EP CP-69,799b 

RP Pepstatin 

PP Pepstatin fragment 

PP Lysyl pepstatin fragment 

RP Statine peptide 1 

RP Statine peptide 2 (Cyclic disulfide) 

EP H-261 

EP L-363,564 

PB Po Po Ps p. P, P, PI l' P'I P', P', P� 

Val-Tyr- Ile -His-Pro-Phe-His- Leu- CO -NH- Val- IIe - His 

Pro-His-Pro-Phe-His-Leu-CH,-NH
Pro-Thr-Glu-Phe-CH,-NH

D His-Pro-Phe-His-Phe-CH,-NH-

Val- IIe - Hi s-Lys 
Phe-Arg-Glu 
Phe- Val-Tyr 

OH 
I 

Boc-Phe- His-Phe- CH -CH,-N-CO-

OH 

I 
Iva-Val-Val-Leu- CH -CH2-CO-NH-

OH 
I 

Iva-Val-Val- Leu- CH -CH,-CO-NH

OH 

I 
Iva-Val-Val-Lys- CH -CH,-CO-NH-

OH 

I 
Iva-Hi s-Pro-Phe-His- Leu- CH -CH2-CO- NH-

Lys-Phe 

Ala-Sta 

OET 

OET 

Leu-Phe-NH2 

I f
H 

I 
Ibu-Hi s-Pro-Phe-Cys- Leu- CH -CH,-CO-NH- Leu-Phe-Thioam ide 

OH 
I 

Boc-His-Pro-Phe-His- Leu- CH -CH,-CO-NH

O H  

I 
Boc-His-Pro-Phe-His-Leu- CH -CH,-CO-NH-

Val - IIe - His 

Leu-Phe-NH2 

References 

9,26,27,34 
9, 1 8,26,27 
92 

82 

15, 16,88,91 

52,53 

44,51,52 

9 1  

91 

9 

9,26, 27 

a EP = endothiapepsin; PP = penicillopepsin; RP = rhizopuspepsin; Iva = isovaleryl; OET = the ethylester of staline heptanoic acid; Ibu = isobuteryl; Boc = 

N-tertiary butoxycarbonyl. 
bThe middle statine residue is written as Leu-CH-CH,-CO-NH to show the insertion of two additional atoms in the peptide backbone, producing a "frame shift." 
'Indicates position of scissile bond. 
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" 

I 

,,�I' , 
,/ 

Figure 6 The conformations of three inhibitors of endothiapepsin shown superposed. (a) 
H-142 (solid lines) and H-256 (broken lines); (b) H-142 (solid lines) and L-363,564 (broken 
lines). Reproduced from Foundling et al (26) with permission. 
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202 DAVIES 

replacing the scissile peptide unit and a nitrogen atom in place of the P'l 
Ox atom. In this complex, which crystallizes in a form different from that 
of the uncomplexed endothiapepsin, both side chain positions are occupied 
equally by the His in P 2. The authors attribute this phenomenon to the 
large size and shallowness of the S2 pocket in this enzyme, which extends 
to the Sj pocket and pcrmits binding promiscuity. Also the PrP I peptide 
bond twists from its normal planar conformation by an omega rotation 
of 12 degrees. 

Till BACKBONE BINDING Unlike the variability observed in the positions of 
the side chains in different inhibitors, the hydrogen bonds to the backbone 
remain the same probably for all the inhibitors on the N-terminal side of 
the scissile bond, and on both sides of it for inhibitors of a given class. 
Figure 7 illustrates the hydrogen bonding scheme for the two classes of 
inhibitor (pepstatin and isostere) bound to endothiapepsin. The same 
hydrogen bonds are also observed for these two classes of inhibitor in 
rhizopuspepsin (91). 

In all of these inhibitor complexes, the water molecule observed between 
the two active site carboxylates in the native enzyme is displaced. In the 
inhibitors containing statine in PI. the hydroxyl group of the statine, which 
is located within 0.5 A of the water position, effectively replaces the water 
molecule. Similarly, in the (S)-hydroxyethylene inhibitor CP-69, 799, the 
hydroxyl group lies symmetrically between the two catalytic aspartates 
(82). The methylene group also is close enough to displace the water 
molecule in the reduced inhibitors. Inhibitors displace many other water 
molecules within the cleft of the native enzyme. These molecules include 
the water molecule (92) assigned a nucleophilic role in the mechanism of 
action (# 507 in rhizopuspepsin) proposed by James & Sielecki (49). 

CONFORMATIONAL CHANGES Some structural changes accompany inhibi
tor binding. Both Bott et al (16), using pepstatin binding to rhizopuspepsin, 
and James et al (54), using a pepstatin fragment bound to penicillopepsin, 
observed that one region of the enzymes changed when the inhibitor was 
bound. This region is the flap, residues 72-81, a beta hairpin bend that 
folds over the inhibitor in the active site and contains an invariant Tyr-75 
and almost invariant Gly-76. Foundling et al (26) also observed a "slight 
repositioning of the residues in the flap" in endothiapepsin. The position 
of the flap is probably the same in all three enzymes when complexed 
with inhibitor. The observed differences in movement probably reflect 
differences in the original positions of the flap caused by interaction with 
neighboring molecules in the crystal. Suguna et al (92) examined the 
flap changes in a highly refined analysis of a reduced inhibitor bound to 
rhizopuspepsin. They observed a striking decrease in the B values of the 
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Gly78 Ser 74 

Figure 7 A schematic representation of the hydrogen bonding between endothiapepsin and 
(a) L-363,564 and (b) H-142. In (a) the distances of the hydrogen bonds are listed. In (b) the 
distance between the proton and the oxygen is given in possible hydrogen bonds. Reproduced 
from Foundling et al (26) with permission. 

flap, which is quite mobile in the native structure, indicating that the 
flap stabilizes in the complex. This stabilization must partly result from 
hydrogen bond formation between the glycine and aspartate residues at 
the tip of the flap and the backbone atoms of the inhibitor, aided by van 
der Waals contacts (Figure 7). Experiments on endothiapepsin (18) and 
penicillopepsin (52) yielded similar observations. 
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204 DAVIES 

The flap's closing over the inhibitor-substrate serves to remove the P ,

P', residues from effective contact with solvent. Sali et al (82) computed the 
loss of solvent accessibility for the inhibitor residues in the CP-69,799 
complex and have observed almost complete exclusion of solvent for the 
middle pair. 

Other changes accompany inhibitor binding. In rhizopuspepsin, the side 
chain of Asn-1l9 (Phe- 1 l7 in pepsin) rotates about the carbon-alpha
carbon-beta-carbon bond. This change could result from the displacement 
of a water molecule from the cleft by the inhibitor, causing a rearrangement 
of the side chain that enables the side chain to adopt different hydrogen 
bonding interactions (92). 

The rest of the enzyme has the same three-dimensional structure after 
inhibitor binding, within the limits of the X-ray analyses. The active site 
carboxyl groups of these enzymes show no indication of movement despite 
the displacement of the centrally located water molecule. 

In the (S)-hydroxyethyl inhibitor, CP-69,799, binding to endothiapepsin, 
however, a rigid body rotation of the C-terminal domain, residues 1 90-
303, of 4.1 degrees with a translation of 0.3 A (82) has been observed. 
Whether this change in structure results from the inhibitor binding or from 
the crystal packing forces is not clear in the altered crystal form. No such 
change has been observed in other bound inhibitors [e.g. there was no 
indication of such a change in rhizopuspepsin when bound to the reduced 
inhibitor (92)]. Nevertheless, the fact that twisting of one domain relative 
to the other does occur opens up many new possibilities in understanding 
the effect of substrate length on the catalytic rate of these enzymes and the 
significance of strain on catalysis (29, 70). 

The Mechanism of Action 

THE CATALYTIC ASPARTIC ACIDS The mechanism of action of the aspartic 
proteinases has gradually become the subject of many reviews and dis
cussions (17, 28, 29,39,49,51,70,71,76,92). Several studies unsuccessfully 
attempted to demonstrate the existence of covalent intermediates in the 
reaction (22, 29, 41). Isotope exchange experiments with '80 water (5, 6) 
also provided strong support for the hick of covalent intermediate for
mation in transpeptidation reactions. Most now believe the reaction 
probably proceeds by general base catalysis in which the carboxylate 
complex activates a water molecule. The effect of strain energy in twisting 
and peptide bond from its planar conformation has also been discussed 
(29, 70). 

Figure 8 illustrates the conformation of the two carboxyl groups of the 
catalytic aspartates in three fungal enzymes. The agreement between these 
three structures is good, suggesting that they represent similar arrange-
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Figure 8 Thc two carboxyl groups of Asp-3S(32) and Asp-218(2IS) with their associated 
water molecule. The three sets of distances come from rhizopuspepsin (top) (90), peni
cillopepsin (48), and endothiapepsin (72), respectively. The two oxygens, OD2 of Asp-35(32) 
and ODt of Asp-218(215), are nearer to the interior of the molecule and make additional 
hydrogen bonds with the NH·s ofGlY-37(34) and Gly-220(2 17), respectively. The other two 
oxygens point into the cleft and, in addition to making hydrogen bonds to Ser-38(35) and 
Thr-221(218), each make hydrogen bond contacts with a water molecule, as in Figure 4. The 
amino acid numbering is for rhizopuspcpsin; the number in parentheses is the corresponding 
number for pepsin. 

ments of hydrogen bonds. Since both penicillopepsin (49) and endothia
pepsin (72) crystallize from ammonium sulfate solution at about pH 4, it 
was suggested that the central peak between the two carboxyl groups might 
be an ammonium ion or a hydronium ion rather than a water molecule. 
However, the existence of a similar peak in the same position in rhizo
puspepsin, which is crystallized at pH 6 in the absence of ammonium ion, 
suggests that the peak probably represents a water molecule (92). 

In addition to the hydrogen bonds made to the central water molecule, 
each of these four oxygens of the two catalytic aspartates also takes part 
in hydrogen bonds to the surrounding protein and, in the case of the 
two external oxygens, to two water molecules (Figure 3). The state of 
protonation of the two carboxyl groups is probably such that they share 
one proton and one negative charge between thcm. Proton location cannot 
be determined directly by X-ray diffraction at the resolution of these 
structures, and where the protons associated with the two carboxyls and 
the water should be located remains controversial. Most authors have 
assigned the single carboxyl proton to one of the two interior proximal 
oxygens (49, 72), although an alternative arrangement has been based on 
the observed locations of the carboxyl groups that have no proton linking 
these two oxygen atoms (92). 
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THE EXTENDED SUBSITE SPECIFICITY A characteristic feature of peptide 
hydrolysis by the aspartic proteinases is the extended subsite specificity on 
either side of the scissile bond (43). The observed active site cleft in the 
three-dimensional structures is long enough to accommodate at least a 
heptapeptide substrate. Suguna et al (92) have reported interpretable 
electron density for six amino acids of an octapeptide inhibitor in 
rhizopuspepsin, and Foundling et al (9, 26, 28) fit nine residues of the 
decapeptide H-142 within the cleft. 

Fruton and his colleagues demonstrated that the elongation of peptide 
substrates on either side of the peptide bond would increase kcat by three 
orders of magnitude, without a significant change in Km, upon addition of 
four to six amino acids (28, 29). Hofmann et al (40) have taken advantage 
of the fungal proteinases' specific binding site S 1 for lysine (44) and 
designed more soluble substrates that could be used to investigate the 
specificity of penicillopepsin for long peptides. They synthesized 12 pep
tides of the form Ac-Alam-Lys-(NOz)Phe-Alan-amide, where (NOz)Phe is 
nitrophenylalanine and m and n each vary between 0 and 3. The Km values 
were the same at pH 6.0 for all 12 pcptidcs examined, while kcat increased 
with increasing chain length. They observed small increases for positions 
Pz, P;, P4, and P� but obtained large increases averaging 37-fold when 
they added alanine residues in P3 and P�. The X-ray data seem to rule out 
the possibility of any major conformational change in the inhibited enzyme 
upon addition of these residues [although Sali et al obtained different 
results (82)], yet changes in the electronic state of the catalytically active 
residues as a result of substrate binding could occur, since these changes 
would not be detectable by X-ray diffraction. Binding in the sub sites could 
facilitate the distortion of the scissile peptide bond that Fruton (29) and 
others ( 70, 71, 92) suggested. Hofmann et al (40) propose that specific 
interactions, such as hydrogen bonds in sub sites S� and S3, assist in the 
formation of the productive enzyme-substrate complex. They note that 
the backbone NH of P3 forms a hydrogen bond with the hydroxyl group 
of Thr-219(215), which is a highly conserved residue, and that in p� the 
backbone oxygen carbonyl forms a hydrogen bond with the terminal 
amino group of Trp-194(190), an invariant residue (92). These hydrogen 
bonds could stabilize the distortion of the peptide bond and the orientation 
of the substrate in its productive mode prior to the formation of the 
tetrahedral intermediate. However, no such corresponding bond to p� has 
been reported for inhibitors binding to endothiapepsin (26, 82). 

SUBSTRATE MODELING AND THE MECHANISM OF ACTION The analysis of 
these inhibitors bound to the fungal proteinases provides a basis for the 
modeling of substrate, which in turn can lead to an evaluation of possible 
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mechanisms of action in three-dimensional terms. Recent detailed dis
cussions of the mechanism have come from crystallographers engaged in 
high resolution structure analyses of these complexes. These evolved from 
the many previous mechanistic studies (reviewed above). The proposals 
discussed here come from three research groups engaged in analyzing the 
structures of penicillopepsin (49), endothiapepsin ( 70, 72), and rhizo
puspepsin (92). Although earlier proposals have also been based on the 
crystal structures, these have been superceded as the structures became 
better refined and as more inhibitors were studied. 

-
Most researchers agree that the mechanism of peptide bond hydrolysis 

by these proteinases proceeds by general base catalysis (39, 57). James & 
Sielecki (49) based their detailed stereochemical analysis of a possible 
mechanism on the refined structures of penicillopepsin and of the enzyme 
complexed to a pepstatin fragment, Tva-Val-Val-Sta-OEt. They modeled a 
tetrapeptide substrate bound to the enzyme, making use of the observed 
positions of the backbone and side chains for P 2 and PI of the inhibitor. 
They placed the carbonyl oxygen of the scissile bond in the same location 
as observed in the pepstatin fragment, i.e. approximately in the location 
of the central water. Finally, they assumed positions for P'l and P; of the 
substrate, because they could not observe the positions directly from the 
statine-eontaining inhibitor upon which the modeling was based. The 
carbonyl group was then well disposed for attack by the water molecule 
284, which in the native structure is hydrogen bonded to the external 
oxygen of Asp-33(35). The first step in the proposed mechanism is the 
protonation of the carbonyl oxygen of the substrate by the proton shared 
by the two catalytic aspartic acids. The nucleophilic attack on the carbonyl 
carbon by water-284 with transfer of a proton to Asp-32(35) follows, 
resulting in the formation of the tetrahedral intermediate. Products form 
through the protonation of the nitrogen atom, either from a solvent mol
ecule or from the catalytic carboxyls. 

Pearl & Blundell (72) discussed more active roles for the central "water" 
molecule, possibly a nucleophilic attack on the carbonyl carbon of the 
scissile bond if it actually was a water molecule. Alternatively, if the central 
peak represented an oxonium ion, they speculated that it might contribute 
a proton to the amide nitrogen or to the peptide's carbonyl group during 
hydrolysis. 

Fruton (29) has discussed the role of the enzyme substrate interaction 
in contributing to the energy required to attain the transition state. He 
states that the estimated Ks or Km values possibly correspond to a fraction 
of the total binding energy in the productive enzyme substrate interaction 
and that the remainder fuels the attainment of the transition state in the 
bond-breaking step (29, 55). Changes in the conformation of both the 
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enzyme and substrate and the resulting strain at the scissile peptide bond 
at the catalytic site can bring on the transition state. Pearl (70), who also 
discussed the cleavage of the peptide bond in terms of strain, argues that 
the extended subsite specificity of these enzymes produces strain energy 
that helps to twist the peptide bond out of planarity. 

Suguna et al (92) questioned the previous proton arrangements about 
the two carboxyl groups. They note that many hydrogen bonds connect 
external groups to the carboxyl oxygens and these would hold the two 
carboxyls in their observed positions, even in the absence of any direct 
hydrogen bond between them. The stereochemistry is not the same as that 
of maleic acid and so the shared proton positions could be somewhere 
other than between the two proximal oxygens of the two carboxyl groups. 
They place the central water molecule so that it makes one hydrogen bond 
with one external oxygen atom and another bond with an internal oxygen 
atom of the other carboxyl group (Figure 8). Steric hindrance will then 
prevent the two proximal oxygens from sharing a proton; instead a proton 
is assigned to the external oxygen that is not hydrogen bonded to the 
central water molecule. Figure 9 shows the proposed mechanism of peptide 
bond hydrolysis, with the substrate modeling based on the observed bind
ing of a reduced methylene isostere inhibitor to rhizopuspepsin (92). If the 
substrate binds with side chain interactions and backbone hydrogen bonds, 
like those of the inhibitor, then, as observed in the reduced peptide bond 
of the inhibitor, the scissile peptide bond will twist out of planarity. This 
twisting reduces the double-bond character of the peptide bond, causing 
the nitrogen atom to adopt the more pyramidal arrangement of a secon
dary amine and making it more likely to accept a proton. Then the mech
anism proceeds: the central water molecule, which is made more nucleo
philic by the hydrogen bonds from it to the carboxyl oxygens, attacks 
the peptide's carbonyl group. The nitrogen atom can be either simul
taneously or subsequently protonated, possibly by the proton from Asp-
215, followed by charge rearrangement, peptide bond cleavage, and depar
ture of the products, not necessarily simultaneously. This mechanism 
differs from that of James & Sielecki (49) mainly in that the carbonyl 
oxygen of the scissile peptide bond is not placed in the middle of the four 
carboxyl oxygens and that a different water molecule carries out the 
nucleophilic attack. Other differences involve the locations of the protons, 
which cannot be determined by X-ray diffraction. 

These mechanisms resemble that proposed for thermo lysin (35, 64), a 
zinc endopeptidase. Here also, the mechanism also involves general base 
catalysis, the initial step consisting of nucleophilic attack on the carbonyl 
carbon by a water molecule or hydroxide ion with transfer of a proton to 
the carboxyl group of 0Iu-143. In thermolysin, however, the zinc ion 
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d 

Figure 9 A proposed catalytic mechanism for rhizopuspepsin (90). The two aspartic acid 
side chains 035 and 0218 correspond to 032 and 0215 of pepsin. (a) The substrate, 
represented by a Phe-Phe dipeptide, with a peptide group twisted out of planarity, is attacked 
by the central water molecule with transfer of a proton to Asp-2l8. (b), (c) This proton is 
transferred to the amide nitrogen. (d) Rearrangement results in cleavage of the peptide bond 
followed by departure of the products. 

helps in the polarization of the carbonyl group of the peptide bond. The 
oxyanion hole effects similar polarization in the serine proteinases with 
two strong amide NH hydrogen bonds to the carbonyl oxygen (80). No 
equivalent positively charged interaction with the carbonyl oxygen has 
been observed in the aspartyl proteinases, although a weak hydrogen bond 
from the carboxyl oxygen of Asp-35 (32 in pepsin) to the carbonyl oxygen 
has been proposed (92). Blundell et al (9) proposed an alternative polar
izing effect through interaction with the ring system of a tyrosine residue 
on the flap. This Tyr-75 is invariant in the pepsins but absent in the 
retroviral proteinases (25, 69, 99, 103). 

THE RETROVIRAL PROTEINASES 

In illuminating illustrations of evolutionary development, the newly pub
lished structures of two retroviral proteinases (65, 67, 69, 1 05) have been 
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shown to be closely related to the structures of the aspartic proteinases of 
the pepsin family. Whereas the pepsins are single chain, two-domain 
structures with the two domains related by approximate two-fold sym
metry, the retroviral proteinases are homodimers with two identical sub
units related by an exact two-fold axis, and could be regarded as precursors 
(fossils?) of the pepsin proteinases. Tang et al (97) hypothesized that such 
homodimers might exist, based on the observed structures of the pepsins. 

Many retroviral proteins are initially synthesized as polyproteins that 
have to be cleaved during the maturation process of the virus (21). A 

retroviral encoded proteinase, which contains the sequence Asp-Thr-Gly, 
suggesting that it might be a member of the aspartic proteinase family 
(100), carries out this cleavage. A more detailed alignment of the retroviral 
proteinase sequences with the sequences of the two domains of the pepsin 
family of proteinases led to a model of the dimeric active enzyme (73). 

The crystal structures of the proteinases from Rouse sarcoma virus 
(RSV) (67) and from the human immunodeficiency virus HIV-l (69, 105) 
have been reported. The molecules are dimeric and contain a fold similar 
to that of the other aspartic proteinases (Figures 10 and 11). Thc activc 

Figure 10 The carbon alpha backbone of the HIV-l proteinase dimer as viewed looking 
down the dyad axis. Reproduced from Wlodawer et al (105) with permission. The catalytic 
Asp-25 residues are part of the broad loops that form part of the interface near the central 
dyas axis. 
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Figure 11 A schematic version of one subunit of the HIV-I proteinase structure. Compare 

this with the N-terminaI domain of rhizopuspepsin in Figure 2. The catalytic residues Asp-

25-Gly-27 are in the loop that forms part of the t/I structure. The loop containing residues 

44-57 forms the flap. Reproduced from Wlodawer et al (105) with permission. 

site regions also closely resemble those of the pepsins; the two aspartic 
acids are situated at the bottom of an extended cleft that runs the width 
of the molecule between the two subunits. Each subunit contributes an 
extended flap to the active site, although for the RSV structure, eight 
amino acids in this region cannot be traced and may be disordered in 
the crystal. Presumably, interactions with neighboring molecules, as in 
penicillopepsin, stabilize the flap in the HIV-I crystals (47, 48). 

The structure initially reported for the HIV -1 proteinase differed from 
the RSV proteinase in the N- and C-terminal regions, mainly on the side 
of the molecule opposite from the active site. Subsequent refinement of 
the original HIV-I structure (M. A. Navia, personal communication), 
together with the X-ray analysis of a chemically synthesized HIV-1 pro
teinase (84, 105), have eliminated these differences and established the 
similarity of these two retroviral enzymes. 

The HIV-l proteinase has 99 amino acid residues vs 124 in the RSV 
enzyme. The additional residues in the RSV structure can be located in 
three surface turns between f3-strands. Similar deletions occur in these 
regions when the RSV structure is compared with rhizopuspepsin (103). 
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. 
Both domains of the rhizopuspepsin have been compared with the HIV 

proteinase ( 1 05); for the N-terminal domain, 57 Ca could be superimposed 
with an rms difference of 1.4 A, while 56 alpha carbon pairs in the C
terminal domain superposed within the same limits. For 88 atom pairs 
in the active site region, the superposition yielded an rms difference of 
0.59 A. 

Both the RSV and HIV-l proteinase have dimeric active forms, but they 
are initially expressed as isolated single domains within a polyprotein 
from which they have to be cleaved. The mechanism of this cleavage and 
activation is believed to be autocatalytic (20, 24, 30), but the details of this 
process are not known. 

One unusual feature of these enzyme structures is the two-fold symmetry 
that relates the two subunits. For the HIV- I protease the packing in the 
crystal dictates this symmetry, but even in the RSV proteinase, where the 
two subunits make up the asymmetric unit of the crystal, almost complete 
two-fold symmetry exists. Since the substrate is asymmetric, complexing 
it to the enzyme might introduce asymmetry through conformational 
change in the enzyme. Crystal structure investigations of inhibitor enzyme 
complexes will help determine what happens to the two subunits when 
inhibitors bind. For example, do both flaps close down over the inhibitor 
(substrate), in which case the properties of the complex might differ a little 
from the pepsins, or does only one flap close, with the direction of the 
polypeptide enzyme inhibitor (substrate) determining the choice of the 
flap? 

For effective catalysis, the retroviral proteinases seem to require a pep
tide of at least seven residues (19). These enzymes show unusual specificity 
in their ability to cleave a peptide bond of polyprotein substrates containing 
proline in p'] (73). They are active against oligopeptides containing the 
sequence Tyr-Pro (19, 62), although they also show some activity against 
peptides with other amino acid residues in p ]  and in p'] ; the sequence Met
Met appears particularly effective (19) . 

The expertise acquired in many laboratories designing inhibitors for 
renin should greatly facilitate the rational design of inhibitors for the HIV-
1 proteinase. In addition to inhibitors that act directly on the active site, 
the dimeric nature of the HIV -1 proteinase makes the design of a different 
class of inhibitor that blocks the formation of the dimer possible. 
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