Provided for non-commercial research and educational use only.
Not for reproduction, distribution or commercial use.
This chapter was originally published in the book Handbook of Proteolytic Enzymes, published by
Elsevier, and the attached copy is provided by Elsevier for the author’s benefit and for the benefit of the
author’s institution, for non-commercial research and educational use including without limitation use in
instruction at your institution, sending it to specific colleagues who know you, and providing a copy to
your institution’s administrator.

All other uses, reproduction and distribution, including without limitation commercial reprints, selling
or licensing copies or access, or posting on open internet sites, your personal or institution’s website or
repository, are prohibited. For exceptions, permission may be sought for such use through Elsevier’s
permissions site at:
http://www.elsevier.com/locate/permissionusematerial
From M. James, Catalytic Pathways of Aspartic Peptidases. In: Neil D. Rawlings and Guy S. Salvesen,
editors, Handbook of Proteolytic Enzymes. Oxford: Academic Press, 2013, pp. 19-26.
ISBN: 978-0-12-382219-2
Copyright © 2013 Elsevier Ltd.
Academic Press.

Author’s personal copy
2. Catalytic Pathways of Aspartic Peptidases

[58] Larsen, G.R., Anderson, C.W., Dorner, A.J., Semler, B.L.,
Wimmer, E. (1982). Cleavage sites within the poliovirus capsid
protein precursors. J. Virol. 41(1), 340344.
[59] Basavappa, R., Syed, R., Flore, O., Icenogle, J.P., Filman, D.J.,
Hogle, J.M. (1994). Role and mechanism of the maturation cleavage of VP0 in poliovirus assembly: structure of the empty capsid
assembly intermediate at 2.9 A resolution. Protein Sci. 3(10),
16511669.
[60] Zhang, X., Ji, Y., Zhang, L., Harrison, S.C., Marinescu, D.C.,
Nibert, M.L., Baker, T.S. (2005). Features of reovirus outer capsid
protein mu1 revealed by electron cryomicroscopy and image
reconstruction of the virion at 7.0 Angstrom resolution. Structure
13(10), 15451557.
[61] Duquerroy, S., Da Costa, B., Henry, C., Vigouroux, A.,
Libersou, S., Lepault, J., Navaza, J., Delmas, B., Rey, F.A. (2009).
The picobirnavirus crystal structure provides functional insights
into virion assembly and cell entry. EMBO J. 28(11), 16551665.
[62] Raghavan, R., Minnick, M.F. (2009). Group I introns and inteins:
disparate origins but convergent parasitic strategies. J. Bacteriol.
191(20), 61936202.
[63] Mizutani, R., Nogami, S., Kawasaki, M., Ohya, Y., Anraku, Y.,
Satow, Y. (2002). Protein-splicing reaction via a thiazolidine intermediate: crystal structure of the VMA1-derived endonuclease bearing
the N and C-terminal propeptides. J. Mol. Biol. 316(4), 919929.
[64] Datta, S., Ganesh, N., Chandra, N.R., Muniyappa, K., Vijayan, M.
(2003). Structural studies on MtRecA-nucleotide complexes:

19

[65]

[66]

[67]

[68]

[69]

[70]

insights into DNA and nucleotide binding and the structural signature of NTP recognition. Proteins 50(3), 474485.
Sun, P., Ye, S., Ferrandon, S., Evans, T.C., Xu, M.Q., Rao, Z.
(2005). Crystal structures of an intein from the split dnaE gene of
Synechocystis sp. PCC6803 reveal the catalytic model without the
penultimate histidine and the mechanism of zinc ion inhibition of
protein splicing. J. Mol. Biol. 353(5), 10931105.
Klabunde, T., Sharma, S., Telenti, A., Jacobs, W.R. Jr.,
Sacchettini, J.C. (1998). Crystal structure of GyrA intein from
Mycobacterium xenopi reveals structural basis of protein splicing.
Nat. Struct. Biol. 5(1), 3136.
Tajima, N., Kawai, F., Park, S.Y., Tame, J.R. (2010). A novel
intein-like autoproteolytic mechanism in autotransporter proteins.
J. Mol. Biol. 402(4), 645656.
Bjornfot, A.C., Lavander, M., Forsberg, A., Wolf-Watz, H. (2009).
Autoproteolysis of YscU of Yersinia pseudotuberculosis is important for regulation of expression and secretion of Yop proteins. J.
Bacteriol. 191(13), 42594267.
Edqvist, P.J., Olsson, J., Lavander, M., Sundberg, L., Forsberg, A.,
Wolf-Watz, H., Lloyd, S.A. (2003). YscP and YscU regulate substrate specificity of the Yersinia type III secretion system. J.
Bacteriol. 185(7), 22592266.
Zarivach, R., Deng, W., Vuckovic, M., Felise, H.B., Nguyen, H.V.,
Miller, S.I., Finlay, B.B., Strynadka, N.C. (2008). Structural analysis of the essential self-cleaving type III secretion proteins EscU
and SpaS. Nature 453(7191), 124127.

Neil D. Rawlings
The Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridgeshire, UK, CB10 1SA. Email: ndr@sanger.ac.uk

Alan J. Barrett
The Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridgeshire, UK, CB10 1SA. Email: ab9@sanger.ac.uk
Handbook of Proteolytic Enzymes, 3rd Edn
ISBN: 978-0-12-382219-2

© 2013 Elsevier Ltd. All rights reserved.
DOI: http://dx.doi.org/10.1016/B978-0-12-382219-2.00001-6

Chapter 2

Catalytic Pathways of Aspartic Peptidases
Introduction
The history of the carboxyl peptidases, initially encompassing only the enzymes containing catalytic aspartates,
is a long one with many fascinating turns of event. This
history has been told beautifully in a review by Fruton
[1], whereas a review of the historical aspects of the
structural results on aspartic peptidases has been presented by Blundell et al. [2].

The early mechanistic history of aspartic peptidases
was fraught with problems revolving around the question
of whether or not the intermediates on the hydrolytic
pathway were covalently attached to the enzyme [3,4]. It
was Fruton who first suggested that the intermediate in
the hydrolytic reaction may not be covalently attached to
pepsin as an acyl nor as an amino enzyme [5].
Subsequent work on the structural aspects of several
aspartic peptidases confirmed that access to the two active
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site aspartate residues from which this family of peptidases derives its name (Asp32 and Asp215 in pepsin
numbering that will be used consistently in this chapter,
rather than the numbers from the original publications),
was very restricted due to the limited solvent accessibility
of these residues [6,7].
Aspartic peptidases are either cellular, pepsin-like
enzymes (clan AA, family A1), or homodimeric enzymes
originally identified in retroviruses (retropepsins, clan
AA, family A2), but later discovered also in higher organisms. Enzymatic properties of these peptidases will be
discussed here in greatest detail. Some other enzymes
were also considered at one time to be aspartic peptidases
and were historically listed together with pepsins, but
were later shown to have unique catalytic mechanisms
that utilize the side chains of glutamic acid and glutamine. Enzymatic mechanisms of the latter family of
enzymes will also be discussed in this chapter, albeit
briefly.

Enzymatic Mechanism of Aspartic Peptidases
The substrate binding cleft of the cellular aspartic peptidases extends for 7 or 8 amino acid residues (approximately from P5 to P30  Figure 2.1) and is formed where
the N-terminal domain and the C-terminal domain meet.
Centrally located in this cleft are the two aspartic acid
residues, each surrounded by virtually identical supporting motifs that are related by an approximate 2-fold axis
running between the carboxyl groups of the two aspartates. The two aspartates (32 and 215) are commonly
found in the Asp-Thr/Ser-Gly-Thr/Ser motif that is important for establishing and maintaining the proper environment for the carboxyl groups. The clefts in retropepsins
are slightly shorter, usually accommodating only residues
from P3 to P30 [8].
A schematic diagram of the most important active site
residues in pepsins is shown in Figure 2.2A, whereas the
corresponding hydrogen bonding interactions in selected
uninhibited forms of pepsins and retropepsins are summarized in Table 2.1. The carboxyl groups of the two aspartate residues are approximately co-planar and the water
molecule that is bound between them lies in the common
plane. In spite of the different resolution of the several
determinations and the differences in the pH of the crystals, the distances are sufficiently similar for common
bonds to be averaged. The distance between the two inner
oxygen atoms of the aspartates (A) is greater than or
equal to the sum of their van der Waals radii (2 3 1.4 Å).
This does not necessarily imply the presence of a hydrogen bond between the two aspartates. Distances B and C
are approximately equal suggesting that one of the protons on the water molecule sits midway between the two

FIGURE 2.1 A view of the substrate binding cleft in endothiapepsin
based on the atomic resolution crystal structure of a complex with the
hydroxyethylene-containing inhibitor H261 (PDB code 1OEX  [38]).
The surface of the enzyme is rendered and colored according to charge,
whereas H261 (Boc-His-Pro-Phe-Ala-Lov-Ile-His) bound at the active
site is shown as a ball-and-stick model. The residues from the flap make
intimate contact with the P1 residue of the substrate (or the inhibitor).
Hydrogen bonding and van der Waals interactions position the scissile
peptide appropriately for nucleophilic attack by the general-base activated water molecule. Atomic color coding for the inhibitor: green, carbon; blue, nitrogen; red, oxygen.

oxygen atoms in a bifurcated hydrogen bond. Distances D
and E differ by 0.45 Å and are consistent with a proton
on the outer oxygen of Asp32 and a hydrogen bond from
the second water proton to the inner oxygen of Asp32
(O. . .O distance 5 2.76 Å).
The simplest interpretation of these hydrogen-bonding
distances is shown in Figure 2.2B. In this interpretation of
the active site of the enzyme in the ground state, Asp215
would be negatively charged and Asp32 would be a neutral carboxylic acid. The active center of aspartic peptidases has two pKa values, one of B1.5 and the other
B4.5. The proton distribution shown in Figure 2.2B is
consistent with established, experimental observations
[4,9,10]. However, the requirement that the aspartates and
the catalytic water be coplanar was recently questioned
on the basis of a re-refined structure of plasmepsin II [11]
in which considerable deviation from planarity was
noticed. A suggestion was made that the planarity is
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enforced by the cryogenic temperature of data collection
but not necessarily present under biologically relevant
conditions. That argument, however, is counteracted by
the many structures of aspartic peptidases solved at room

temperature, including some at very high resolution and/
or solved using neutrons rather than X-rays [12,13].
The enzymatic mechanism is most fully characterized
for serine peptidases, thus providing a point of comparison with the mechanism of pepsins. A large number of
structures of the serine peptidases show the detailed interactions of enzyme-substrate complexes [14]. These structures are protein inhibitors (e.g. turkey ovomucoid third
domain [OMTKY3] [15] complexed to a variety of serine
peptidases, e.g. α-chymotrypsin [16], Streptomyces griseus peptidase B (SGPB) [17], etc. Although the protein
inhibitors are excellent inhibitors of the serine peptidases,
they are also poor substrates. The enzyme-protein inhibitor complexes are therefore reasonable mimics of
enzyme-substrate complexes expected for peptide hydrolysis catalyzed by serine peptidases.
Comparisons of the serine peptidase-protein inhibitor complexes (α-chymotrypsin -OMTKY3) with the
tetrahedral intermediate mimics of the aspartic peptidase hydrolytic reaction are very revealing (Figure 2.3).
Figure 2.3A shows the structure of the Iva-Val-Valdifluorostatone methylester inhibitor bound in the active
site of penicillopepsin alone [18]; Figure 2.3B is a
superposition of this structure and OMTKY3 bound in
the active site of α-chymotrypsin. A comparison of
these views shows that the formation of the tetrahedral
intermediate in both the serine peptidases and the

FIGURE 2.2 Schematic diagrams of the active sites of aspartic peptidases. (A) Catalytic aspartates and the putative hydrogen bonds with the
catalytic water molecule. (B) Distribution of charges and hydrogen
bonds to the residues interacting with the catalytic aspartates.

TABLE 2.1 Interatomic distances in the active sites of selected pepsin-like aspartic proteases and retropepsins. Only
apoenzyme structures were used in the comparisons. Since the two catalytic aspartates should be symmetric in the
structures of uninhibited retropepsins, the orientation in which distance E was longer than B was arbitrarily selected
Pepsins

PDB

Resol.Å

A

B

C

D

E

Endothiapepsin

1OEW

0.9

2.93

2.92

2.96

2.76

3.13

Rhizopuspepsin pH 4.6

1UH7

2.1

2.86

2.71

2.89

2.78

3.14

Rhizopuspepsin pH 6.0

2APR

1.8

3.11

2.92

2.83

2.81

3.37

Rhizopuspepsin pH 7.0

1UH9

2.0

2.99

2.90

2.83

2.78

3.22

Rhizopuspepsin pH 8.0

1UH8

2.3

3.07

2.84

2.79

2.77

3.24

Penicillopepsin

3APP

1.8

2.88

2.86

2.83

2.62

3.15

Human pepsin

1PSN

2.2

3.00

2.96

3.15

2.97

3.38

Porcine pepsin

4PEP

1.8

2.76

3.02

2.91

2.62

3.04

2.95

2.89

2.90

2.76

3.21

Average
Retropepsins
RSV PR

2RSP

2.0

2.81

2.56

2.69

2.58

3.18

XMRV PR

3NR6

2.0

3.07

3.11

2.73

2.62

3.23

HIV PR (subtype A)

3IXO

1.7

3.07

2.67

3.33

3.73

3.59

2.98

2.78

2.92

2.98

3.33

Average
ΔE-DB0.45 Å for pepsins, 0.35 Å for retropepsins
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FIGURE 2.3 (A) Active site of penicillopepsin with the bound,
hydrated difluorostatone inhibitor [18]. Hydrogen bonds are represented
by thin dotted lines. The hydrated carbonyl forms hydrogen bonds to
both oxygen atoms of the carboxylate of Asp32 as a gem diol. The
hydrogen-bonded interactions between the hydrated difluorostatone and
the two carboxyl groups of the active site (Asp32 and Asp215) are virtually identical to those expected for the tetrahedral intermediate
(Figure 2.4B). (B) Superposition of aspartic peptidases and the serine
peptidases. The molecular structures that are superimposed are the
difluorostatone inhibitor of penicillopepsin (1APV) and the wild-type
OMTKY3 complexed to α-chymotrypsin (1CHO). The following groups
or atoms of the inhibitors were used in the superposition. For 1APV: Cα,
C, O of Val in P2; N, Cα, Cβ, Cγ, Cδ1, Cδ2, C and O of statone in P1; C
of the CF2 group. For 1CHO: Cα, C, O of Thr17I in P2; N, Cα, Cβ, Cγ,
Cδ1, Cδ2, C and the carbonyl O of Leu18I in P1; N of the Glu19I of the
scissile peptide. The rms difference for these 12 atoms is 0.21 Å. The
superposition clearly shows the atomic movements necessary to form
the tetrahedral intermediates in both pathways. For the serine peptidases
the Ser195 Oγ moves B0.7 Å towards the carbonyl-carbon atom of the
scissile peptide and the carbonyl carbon atom moves B0.5 Å towards
the Ser195 Oγ as it forms a tetrahedral sp3 atom. In the aspartic peptidase mechanism, a similar movement of the carbonyl carbon of the scissile peptide occurs as it becomes pyramidal sp3 and ready to accept the
nucleophilic OH2 . The backbone carbon atoms of the active site region
of penicillopepsin (1APV) are green and those of the OMTKY3 complex
with α-chymotrypsin (1CHO) are gray. Hydrogen bonds are represented
by thin dotted lines.

aspartic peptidases results from nucleophilic attack on
the carbonyl carbon of the scissile peptide from the re
face of the peptide [19]. The nucleophile of the aspartic
peptidases is the water molecule bound between the
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two carboxyl groups (Figure 2.2) and activated to an
hydroxide ion by the general base carboxylate of
Asp215. In the serine peptidases the nucleophile is the
Oγ of Ser195 and the general base is the imidazole of
His57.
The electrophilic component assisting in the nucleophilic attack of Ser195 Oγ is the oxyanion hole. This feature in the serine peptidases is made up of two backbone
NH groups (of Ser195 and Gly193) that form strong
hydrogen bonds to the carbonyl oxygen atom of the P1
residue in the scissile bond. This interaction enhances the
polarization of the carbonyl group and increases the electropositive character of the carbonyl-carbon atom thereby
assisting in the proton transfer from Ser195 Oγ to His57
Nε2 by reducing the pKa of Ser195. The analogous feature in the aspartic peptidases is comprised of two components: (1) the protonated carboxyl group of Asp32 that
forms a hydrogen-bonded interaction with the carbonyl
oxygen atom of the substrate in the E-S complex; and (2)
an electrostatic interaction of the edge of the phenol ring
from Tyr75 with the carbonyl oxygen of the substrate
[18,20]. This latter interaction is speculative, but support
for a catalytic function for Tyr75 comes from mutagenesis experiments with Rhizomucor pusillus pepsin in which
it was replaced by 17 other amino acids and the catalytic
activity of these variants assessed [21]. The only active
tyrosine replacements were Phe75 (weak activity) and
Asn75 (enhanced activity  kcat/Km 5.6 times higher than
that of Tyr75). Presumably the side chain amide of Asn75
forms a hydrogen bond with the scissile peptide carbonyl
oxygen, thereby enhancing the polarization of the carbonyl bond and the electrophilicity of the carbonyl carbon
atom of the scissile peptide.
Following the nucleophilic attack on the re face of
the scissile peptide by the general-base activated water
molecule (OH2 ), the resulting tetrahedral intermediate
adopts a gem-diol hydrogen-bonded interaction with
the now negatively-charged carboxylate of Asp32
(Figure 2.4B). Independently determined crystal structures of penicillopepsin [18] and of endothiapepsin [22]
complexed with hydrated difluoroketones confirm the
possibility of such a gem-diol association for the tetrahedral intermediate.
At this stage in the mechanism cleavage of the peptide
bond requires protonation of the leaving group nitrogen
atom. Reference to the chemical hydrolytic pathway in
Figure 2.4B shows that application of the stereoelectronic
effect results in the lone pair electrons on the nitrogen of
the scissile bond pointing away from Asp215. In order for
proton transfer to take place the lone pair on the nitrogen
should point towards the protonated carboxyl group of
Asp215. This can take place by inversion of the absolute
configuration of the nitrogen atom, a process that is
extremely rapid [23].
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FIGURE 2.4 (A) Stylized representation of the enzyme-substrate
complex. The substrate approaches the active site with the P1 side
chain in the S1 binding pocket. Such models were determined from a
large number of crystal structures of aspartic peptidases complexed to
transition-state peptidomimetics. For the present discussion, an accurate model of an E-S complex of an aspartic peptidase has been
deduced on the basis of superimposing the tetrahedral transition state
mimics with the complexes of the serine peptidases with protein inhibitors such as OMTKY3 (Figure 2.3B). The nucleophilic water of
the aspartic peptidases is positioned appropriately for attack on the
carbonyl-carbon atom of the scissile peptide. General base assistance
is achieved via the ionized carboxylate of Asp215; electrophilic assistance comes from a short hydrogen bond (LBHB) from the protonated carboxyl of Asp32. In this mechanism the proton is transferred
from Asp32 to the carbonyl-oxygen atom of the scissile peptide. It
could, however, be an LBHB and reside midway between the two
oxygen atoms. (B) Tetrahedral intermediate. The hydroxyl attack on
the carbonyl-carbon atom is assisted by the stereoelectronic effect
[39] in that lone pair electrons on the carbonyl oxygen atom and on
the nitrogen atom of the scissile peptide are arranged antiperiplanar
to the direction of hydroxide ion attack (black lone-pair orbitals). The
carboxylate of Asp32 receives hydrogen bonds from the gem diol of
the tetrahedral intermediate. The tetrahedral intermediate is also stabilized by the proximity of the positive edge of the phenol ring of
Tyr75 (not shown here). (C) Model for protonation of leaving group.
In order for the peptide bond to break, the nitrogen of the scissile
bond (now a tetrahedral sp3 nitrogen atom) must be protonated to
make a good leaving group (aNH2). In order to facilitate the protonation from Asp215 the nitrogen atom must invert its configuration
from that in (B) to place the lone-pair orbital appropriately to receive
the proton. Cleavage of the peptide is also enabled by the antiperiplanar lone pair electrons (black orbitals) on each of the oxygens in the
gem diol. (D) The bond cleavage. The proton transfer from the outer
oxygen atom of the gem diol to Asp32 carboxylate (general base in
this second case) results in the peptide bond cleavage to release a
new free amino group (R0 -NH2) and a new free carboxyl group
(R-COOH). Dissociation of these groups and reassociation of the
active site carboxyl groups with a water molecule regenerates the
active form of the enzyme (Figure 2.1B).

Transfer of the proton of the leaving group nitrogen
(Figure 2.4C) is coupled to the regeneration of the protonated state of the carboxyl of Asp32. It is also coupled to cleavage of the peptide bond in a concerted
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fashion. Thus, the protonated carbonyl oxygen transfers
the proton to the carboxylate of Asp32. The carbonyl
of the newly formed carboxyl results in addition to the
peptide NHaC5O cleavage that would result on protonation of the nitrogen.
Several crystal structures of transition state intermediates (i.e. phosphonates) bound to penicillopepsin and
endothiapepsin contain low barrier hydrogen bonds
(LBHB) between the outer carboxyl oxygen of Asp32 and
the phosphonate oxygen atom [13,2426]. This bond is
short (2.422.54 Å) and would qualify for a high energy
LBHB. Release of the energy of this LBHB would assist
in the peptide bond cleavage by lowering the activation
energy barrier of the reaction and would return the
enzymes active site to the native state. It is likely that an
equivalent low barrier hydrogen bond between the analogous oxygen atoms is present in the transition state on the
hydrolytic pathway of a good substrate. Such a bond
would have a strong effect on the two proton transfers
required during the bond cleavage reaction (Figure 2.3C,
D). As the proton of the LBHB becomes associated more
with Asp32, the energy would be used to facilitate the
proton transfer from Asp215 to the leaving group nitrogen
as well as lowering the activation energy barrier for peptide bond cleavage. It is imperative that the LBHB occurs
in the transition state as it does in this mechanism and as
suggested by Cleland [27].
The LBHB mentioned above is different from the
putative LBHB between the carboxyl groups of Asp32
and Asp215, previously invoked to explain the kinetic
mechanism of aspartic peptidases [28]. That argument
hinged on a ten atom hydrogen-bonded cyclic structure
for the water molecule and the two carboxyl groups of
the active site (see Figure 2.5) and was principally
based on ab initio molecular dynamic simulations on
HIV-1 protease [29]. An LBHB between the two catalytic aspartates would require the distance between their
inner oxygens to be shorter than 2.5 Å [27]. As shown
in Table 2.1, there is no case in which such distance
(A) is shorter than 2.76 Å (average 2.95 Å), thus it
represents a normal oxygen-oxygen contact. In addition,
for the LBHB to be effective in lowering the activation

FIGURE 2.5 A proposed configuration of the two aspartic acid residues and the bound water in the HIV peptidase structure as deduced
from ab initio molecular dynamics simulations [29]. There is no evidence for the low barrier hydrogen bond between the carboxyl groups
from any of the X-ray or neutron crystallographic studies done on aspartic peptidases or their inhibitor complexes (see Table 2.1).
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energy barrier of the reaction being catalyzed, it should
not occur in the ground state but rather should be
formed in a transition state or in a transient intermediate. However, none of the structures of transition-state
mimics, i.e. the hydrated difluorostatone [18] discussed
here or the phosphonate inhibitors of penicillopepsin
[2426] have a short distance between the inner carboxylate oxygens of the catalytic aspartates.
Finally, atomic resolution X-ray and medium resolution neutron diffraction studies of endothiapepsin complexed with a transition state analog inhibitor, PD135,040, has determined with reasonable certainty the
protonation states of the active site groups [13]. Asp32
is best interpreted as ionized, i.e. negatively charged, and
Asp215 is protonated. This charge distribution corresponds exactly with that of the chemical mechanism
deduced from the many crystallographic structures and
depicted in Figure 2.4B,C. The neutron structure determination has no evidence of a proton between the inner oxygen atoms of Asp32 and Asp215. The distance between
these atoms is 2.93 Å, again confirming that there is no
LBHB between the active site aspartate residues.
The mechanism of retropepsins follows most likely
the mechanism described above for the pepsin-like
enzymes. The main difference is that there cannot be any
distinction between the two aspartates (Asp25 in the
enzyme from the human immunodeficiency virus) in the
native enzyme, since it is a symmetric homodimer.
However, the symmetry is broken as soon as a substrate
is bound, allowing one of the aspartates to assume the
function of Asp32, and the other of Asp215. Structural
data for the complexes of retropepsins with inhibitors
support this assumption, and indeed the mechanism
employed by this family of peptidases was discussed in
some detail in the past [30].
Histo-aspartic protease from Plasmodium falciparum
presents an unusual variant of aspartic peptidases. Despite
the fold being similar to other pepsin-like enzymes [31],
Asp32 is replaced in this enzyme by histidine, and several
other active site residues also differ from the consensus.
Whereas the detailed mechanism of enzymatic activity of
histo-aspartic protease is still not fully established, modeling and computational studies suggested that Asp215
might act as both a nucleophile and an electrophile,
whereas the role of His32 would be only to assist in
the reaction and increase the rate by up to four orders of
magnitude [32].
On the other hand, the mechanism of peptide bond
hydrolysis in the aspartic peptidase family of enzymes
seems to be reasonably well established [18,33,34]. The
majority of the details have been gleaned from structural
studies of these enzymes with transition state mimics
bound to the active sites. Although proton locations cannot be inferred with confidence from the X-ray crystal
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structures, the donoracceptor distances are consistent
with the mechanism depicted in Figure 2.4. In this mechanism, the hydroxide ion is the nucleophile and its formation is assisted by the general-base function of Asp215.
The tetrahedral intermediate resulting from the nucleophilic attack on the carbonyl carbon atom is stabilized by
gem diol hydrogen bonding to Asp32. One of these
hydrogen bonds is a LBHB whose energy can be used to
lower the activation energy of the peptide bond cleavage
reaction. The leaving group nitrogen is protonated by the
general acid function of protonated Asp215.

Enzymatic Mechanism of Glutamic
Peptidases
The three-dimensional structures of several enzymes
known to utilize carboxyl-bearing residues in their catalytic mechanism, yet not being inhibited by pepstatin A,
have shown that their overall structures and the catalytic
centers were not related to those of pepsins. This new
family of carboxyl peptidases, now designated clan GA,
family G1, was identified in 2004, with the founding
members being scytalidocarboxyl peptidase B (SCP-B)
from Scytalidium lignicolum ATCC24568 [35] and aspergilloglutamic peptidase from Aspergillus niger [36]. On
the basis of the conserved catalytic residues in the active
site (a glutamic acid and glutamine), the name given to
the enzyme family was eqolisin.
Unlike the pepsins, eqolisin molecules consist of a
β-sandwich, with the catalytic residues residing on two
non-adjacent strands (Figure 2.6A). A catalytic mechanism

FIGURE 2.6 Structure and mechanism of eqolisins. (A) A close-up of
the secondary structure of SCP-B showing the location of the active site
residues, Glu136 and Gln53. Subsites P3 to P1 of the substrate-binding
site are delineated by the bound product tripeptide Ala-Ile-His that
resulted from hydrolysis of angiotensin II by SCP-B. (B) The proposed
catalytic mechanism of SCP-B. The water molecule hydrogen-bonded to
both Glu136 and Gln53 is the nucleophile. The general base is the carboxylate of Glu136. The side-chain amide of Gln53 assists in the nucleophilic
attack and stabilizes the tetrahedral intermediate by hydrogen bonding.
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for this family was first proposed by Fujinaga et al. [35]
on the basis of the structures of native SCP-B and its complex with hydrolytic products of angiotensin II (AspArg-Val-Tyr-Ile-His-Pro-Phe) (Figure 2.6B). A water molecule, analogous to the catalytic water in aspartic peptidases, is located within hydrogen bonded distances from
the side chains of Glu136 and Gln53. In the structure of
the product complex, the ligands included a tripeptide,
Ala-Ile-His, occupying subsites P1-P3, and a single tyrosine. The tripeptide most likely corresponds to the
sequence Tyr-Ile-His, with the side chain of Tyr disordered
and thus represented as Ala. The ligand binds in an
extended conformation, with the OXT atom of the P1 His
carboxyl group at its C terminus forming a hydrogen bond
with the side-chain carboxyl group of Glu136. A van der
Waals contact is made between Oε1 of Gln53 and O of P1
His. The interpretation of this observation is that the sidechain carboxyl group of Glu136 is protonated and a second
hydrogen bond to the P1 His OXT is donated by the Nε2
of Gln53. In addition, the Nε2 atom of the P1 His imidazolium group forms a hydrogen bond to the carboxylate of
Asp57.
The structures of SCP-B can thus be used to
postulate the catalytic mechanism of the eqolisins. The
water molecule bound between Glu136 and Gln53
(Figure 2.6B) acts as the nucleophile that is activated to
a hydroxide ion by the general base functionality of the
carboxylate of Glu136. Electrophilic assistance by
polarizing the carbonyl bond of the scissile peptide is
provided by the side-chain amide of Gln53. The hydrogen-bonded interaction from Gln53 Nε2 to the substrate
carbonyl oxygen is bifunctional, by assisting in the
formation of the tetrahedral intermediate as well as
providing stabilization of the resulting oxyanion. Gln53
provides for stabilization of the tetrahedral intermediate
by donating a hydrogen bond from its Nε2 to the oxyanion of the tetrahedral intermediate and by receiving a
hydrogen bond to Oε1 from the OH of the attacking
water molecule. The nucleophilic attack takes place on
the si-face of the scissile peptide. This direction of
attack is seen only in the papain-like cysteine peptidase
family; it is the re-face attack that takes place in the
serine, aspartic, and metallopeptidases.
Protonation of the leaving-group nitrogen is an obligatory step in any hydrolytic mechanism for an amide. By
analogy with the aspartic and metallopeptidases, it is
likely that the proton donor will be the protonated
Glu136. The tetrahedral character of the nitrogen atom in
the intermediate will place the lone-pair electrons on the
nitrogen in an appropriate position to abstract the proton
from the carboxyl group of Glu136.
Another family of glutamic peptidases, G2, is represented by the C-terminal domain of gene product 12 of
the tailed bacteriophage ϕ29 [37]. It has been postulated

25

that self-processing of this protein is catalyzed by Glu695
which attacks the carbonyl carbon of the substrate residue
Ser691, possibly assisted by the side chain of Asp692.
Mutation of either Glu695 or Asp692 prevented autoprocessing, but structural data are not detailed enough to
enable full analysis of the catalytic mechanism.
It is thus clear that although the mechanisms of enzymatic activity of the aspartic and glutamic peptidases
share some similarities, there are also very important differences between these enzymes which are now separated
into different catalytic types.
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[18] James, M.N., Sielecki, A.R., Hayakawa, K., Gelb, M.H. (1992).
Crystallographic analysis of transition state mimics bound to penicillopepsin: difluorostatine- and difluorostatone-containing peptides. Biochemistry 31(15), 38723886.
[19] James, M.N.G. (1994). Convergence of active-centre geometries
among the proteolytic enzymes, in: Proteolysis and Protein
Turnover, Bond, J.S., Barrett, A.J., eds., Brookfield, Vermont:
Portland Press, pp. 18.
[20] Blundell, T.L., Cooper, J., Foundling, S.I., Jones, D.M., Atrash, B.,
Szelke, M. (1987). On the rational design of renin inhibitors: X-ray
studies of aspartic proteinases complexed with transition-state analogues. Biochemistry 26(18), 55855590.
[21] Park, Y.N., Aikawa, J., Nishiyama, M., Horinouchi, S., Beppu, T.
(1996). Involvement of a residue at position 75 in the catalytic
mechanism of a fungal aspartic proteinase, Rhizomucor pusillus
pepsin. Replacement of tyrosine 75 on the flap by asparagine
enhances catalytic efficiency. Protein Eng. 9(10), 869875.
[22] Veerapandian, B., Cooper, J.B., Sali, A., Blundell, T.L.,
Rosati, R.L., Dominy, B.W., Damon, D.B., Hoover, D.J. (1992).
Direct observation by X-ray analysis of the tetrahedral ‘intermediate’ of aspartic proteinases. Protein Sci. 1(3), 322328.
[23] Bizzozero, S.A., Dutler, H. (1981). Stereochemical aspects of peptide hydrolysis catalyzed by sereine proteases of the chymotrypsin
type. Bioorganic Chem 10, 4662.
[24] Fraser, M.E., Strynadka, N.C., Bartlett, P.A., Hanson, J.E.,
James, M.N. (1992). Crystallographic analysis of transition-state
mimics bound to penicillopepsin: phosphorus-containing peptide
analogues. Biochemistry 31(22), 52015214.
[25] Ding, J., Fraser, M.E., Meyer, J.H.B.P.A., James, M.N.G. (1998).
Macrocyclic inhibitors of penicillopepsin. 2. X-Ray crytallographic
analyses of penicillopepsin complexed with a P3-P1 macrocyclic
peptidyl inhibitor and with its two acyclic analogues. J. Am. Chem.
Soc. 120, 46104621.
[26] Khan, A.R., Parrish, J.C., Fraser, M.E., Smith, W.W.,
Bartlett, P.A., James, M.N. (1998). Lowering the entropic barrier

2. Catalytic Pathways of Aspartic Peptidases

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

for binding conformationally flexible inhibitors to enzymes.
Biochemistry 37(48), 1683916845.
Cleland, W.W. (2000). Low-barrier hydrogen bonds and enzymatic
catalysis. Arch. Biochem. Biophys. 382(1), 15.
Northrop, D.B. (2001). Follow the protons: a low-barrier hydrogen
bond unifies the mechanisms of the aspartic proteases. Acc. Chem.
Res. 34(10), 790797.
Piana, S., Carloni, P. (2000). Conformational flexibility of the catalytic Asp dyad in HIV-1 protease: An ab initio study on the free
enzyme. Proteins 39(1), 2636.
Jaskólski, M., Tomasselli, A.G., Sawyer, T.K., Staples, D.G.,
Heinrikson, R.L., Schneider, J., Kent, S.B., Wlodawer, A. (1991).
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