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The cover design is based on the tertiary structure of a complex between the
protease of the human immunodeficiency virus and one of the inhibitors that are
proving to be valuable drugs in the fight against the virus.
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Preface

Ever since the discovery of pepsin in the late eighteenth century there has been continuing investigation of the chemistry
and activities of the proteolytic enzymes, or peptidases. But recent years have seen a remarkable acceleration of the pace of
this research, fuelled by numerous practical applications in biotechnology, and the realization that the peptidases are major
therapeutic targets. A striking example of the link between peptidases and drug design is the basis of the cover design of
the Hankbook. This depicts the structure of retropepsin, the essential processing peptidase of the human immunodeficiency
virus, in complex with a potent inhibitor of the class that are proving to be effective drugs against the virus (drawn from
Brookhaven Protein Databank entry 1SBG).

The many ways in which proteolytic enzymes impinge on the health and welfare of mankind have made it essential for
biological scientists in many fields to have ready access to data on peptidases, but the sheer numbers of these enzymes pose
a problem. Analysis of complete sequences of several genomes has shown about 2% of all gene products to be peptidases,
indicating that this is one of the larger functional groups of proteins. The great number of known peptidases creates many
practical problems for those needing to work with them. For example, it is difficult to know how one peptidase can be
distinguished from another and referred to unambiguously, and how a scientist can tell when he/she has discovered a novel
peptidase. It is precisely this kind of question that the present Handbook is designed to answer. The rapid expansion of the
field of proteolytic enzymes is bringing into the field new investigators who will find a comprehensive reference book a
particularly valuable resource.

The present volume has grown out of a long-standing interest of the editors in preparing readily accessible compilations of
data on peptidases. Its genesis can be traced back to the 2nd International Symposium on Intracellular Protein Catabolism held
in Ljubljana, Slovenia, in 1975. Two of the editors (AJB and JFW) recognized that there was considerable confusion in the
field concerning the various intracellular proteolytic enzymes and how they might be distinguished. A chapter was prepared
with the collaboration of I. Kregar and V. Turk entitled ‘Present knowledge of proteolytic enzymes and their inhibitors’, and
published in Intracellular Protein Catabolism II (V. Turk & N. Marks eds, Plenum Press, New York, 1977). A grand total
of 23 intracellular enzymes were tabulated! This modest beginning was followed by Mammalian Proteases: a Glossary and
Bibliography by AJB with J.K. McDonald in two volumes (Academic Press, London, 1980, 1986). Here, 173 peptidases were
described in concise summaries supplemented by extensive bibliographies.

These two books have long been out of print and the number of known peptidases has risen steadily, so that the total
across all kinds of organisms now exceeds 500. This growth has been reflected in a short doubling-time of the literature, so
that publications on proteolytic enzymes now approach 8000 a year. Those responsible for subsection 3.4 of the EC List (the
enzyme nomenclature of the International Union of Biochemistry and Molecular Biology) that deals with peptidases have
been striving to keep up with this flood and have succeeded in including nearly 300 peptidases to date. Although the EC List
has considerable value, notably as a source of unambiguous approved names, it has significant limitations. Only enzymes that
have been subject to rigorous enzymological characterization can be included, and the endopeptidases are allocated to just
four mechanistic classes, in which they are listed in random order.

During recent years, two of the editors (AJB, NDR) have been developing an alternative approach to the classification of
peptidases that takes advantage of the new wealth of structural information. In this scheme the enzymes are allocated to clans
and families within each major mechanistic class. The system is based on genetic relationships among the enzymes and has
been presented in two recent volumes of Methods in Enzymology (244 & 248, Academic Press, San Diego, 1994, 1995). But
this treatment was not designed to be comprehensive, and is not in convenient form for rapid reference. In contrast, it is the
hope of the editors of the present Handbook to provide a convenient classification of all the known peptidases that meet
minimal criteria for inclusion (see the Introduction). This Handbook provides a ready reference to the 500 or so peptidases
known to date, but it also provides a framework for the addition of the many more proteolytic enzymes that may be expected
to emerge during the coming years of intensive genome research. It is the hope of the editors that this work will be readily
accessible to the multitude of workers in the field, so that it is truly a ‘hand’ book. To this end, we have arranged with the
Publishers that a CD-ROM be made available in addition to the printed bound volume.

The chapters on individual peptidases have been contributed by over 500 expert authors who have worked hard and well
to describe their favorite peptidases in the concise and strict format required for the Handbook. For practical reasons, the
editors have had to assume full responsibility for the final editing and proofreading of each chapter, and sometimes have made
substantive changes without providing the authors with much opportunity for rebuttal. It cannot be expected that every author
will be in complete agreement with the way in which his or her work is presented, but we trust that they will understand that
any apparent slights were unintended and are merely the consequences of our effort to produce a systematic and consistent
overview of the peptidases. We thank them all for their good work.



xxiv Preface

The editors thank their secretaries, Desi O’Rourke and Michelle Gonzalez, for their skilled assistance in the task of
soliciting, collecting and collating the many manuscripts for this project. We are particularly grateful for the assistance of the
staff at Academic Press, London, including Susan Lord, Sarah Stafford, Roopa Baliga and Emma Parkinson, and to Harriet
Stewart-Jones for meticulous copy-editing and Ian Ross for expert proof-reading. Finally, we express our heartfelt, personal
appreciation to Jing-May Chen, Cheow-Yong Rawlings and Nina Woessner, who generously tolerated our preoccupation with
the Handbook over much of the past two years.

AJB, NDR, JFW
February 1998



Introduction

Terminology

The scientists who work on the large and important group of enzymes that hydrolyze peptide bonds currently allow themselves
a great deal of freedom in the terms they use for their objects of study. The effect of this is that there are commonly several
names in use for much the same thing. This is seen when one looks for a collective word for all of these enzymes. They
are commonly termed proteases, proteinases and peptidases, as well as proteolytic enzymes. Historically, these terms had
slightly different meanings (Barrett & McDonald, 1986), but these are now forgotten by many. The editors felt that proteolytic
enzymes was perhaps the most generally understood term in the current usage and therefore adopted this for the title of the
Handbook. The reader should note, however, that even this is not unambiguous, since many of the enzymes that hydrolyze
peptide bonds (and are included in the Handbook) do not act on proteins directly.

In our editing of the present volume, we wished to encourage movement towards more rational and systematic terminology
in the study of proteolytic enzymes. Fortunately, sound and authoritative recommendations are available in the form of the
EC List. This is still named after the Enzyme Commission that compiled the first editions (Webb, 1993), but has now been
curated by the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB)
for many years. The EC List was last printed in full as Enzyme Nomenclature 1992 (NC-IUBMB, 1992), but the part dealing
with peptidases has subsequently been amended by regular supplements and can be found in its revised form on the World
Wide Web (WWW) at http://www.chem.qmw.ac.uk/iubmb/enzyme/index.html. The EC List recommends the term peptidase
as the general term for all the enzymes that hydrolyze peptide bonds, and the present editors support this recommendation.
Such terms as protease and proteinase will be found to occur frequently in the Handbook, but peptidase is the term that is
preferred by the editors and is used in the editorial chapters that introduce the major groups of these enzymes. Most peptidases
are either exopeptidases cleaving one or a few amino acids from the N- or C-terminus, or endopeptidases that act internally
in polypeptide chains. The EC List also provides terms for subtypes of exopeptidases and endopeptidases. The exopeptidases
that act at a free N-terminus liberate a single amino acid residue (aminopeptidases) or a dipeptide or a tripeptide (dipeptidyl-
peptidases and tripeptidyl-peptidases). Those acting at a free C-terminus liberate a single residue (carboxypeptidases) or a
dipeptide (peptidyl-dipeptidases). Other exopeptidases are specific for dipeptides (dipeptidases) or remove terminal residues
that are substituted, cyclized or linked by isopeptide bonds (peptide linkages other than those of a-carboxyl to «-amino
groups) (omega peptidases). The endopeptidases are divided on the basis of catalytic mechanism into serine endopeptidases,
cysteine endopeptidases, aspartic endopeptidases and metalloendopeptidases. The term oligopeptidase is used to refer to
endopeptidases that act optimally on substrates smaller than proteins.

The muddled situation that exists in the language currently used in reference to peptidases is seen at its worst in the naming
of the individual enzymes. It is all too common for scientists working on a single enzyme in different laboratories to use
quite different names for-it, even in their published work. Such a liberal practice must come as a surprise to scientists from
other disciplines — it is as if biologists were to use their own local names for organisms rather then the scientific binomials!

Two reasons for the present relaxed attitude to the naming of peptidases are not hard to see. One is that the number of
known peptidases is commonly perceived as small, so that confusion seems unlikely. And secondly, the naming of peptidases
is notoriously difficult, so that it has never been possible to derive simple, objective rules for forming names that can be
applied by anyone, yielding the same result. A consequence of this is that all of the names may tend to look arbitrary, none
being better than another.

Neither of these reasons is adequate to justify the present situation. There are indeed fewer peptidases so far recorded than
living organisms, say, but the reader of the present volume will soon realize that they are quite numerous. Even if each of
the peptidases known today were referred to by only one name, there would be quite enough to tax any but the complete
specialist. And although it is indeed difficult to name peptidases, there is no doubt that there are good names and bad ones.
Some of the names in common use are very poorly suited to the functions that a name should serve, and there is every reason
to encourage general use of one of the better names. The situation in which most peptidases have several names in common
use can only be an obstacle to the progress of this field of study. Vast amounts of data about these enzymes are now being
published in printed form and in computer databases, but the accessing of that information is made more difficult and less
efficient when multiple names are used, especially when some of the names are ambiguous, being applied to several different
enzymes. And as the number of known peptidases rises into the thousands, multiple names must be a recipe for chaos.

In assembling the present volume, we have attempted to encourage the rationalization of terminology that is needed in
the field, and again we support the recommendations of the EC List. Although we have not insisted that only the names
recommended in the EC List be used, we have encouraged their use, and have inserted cross-references to them where
necessary. We have also invited each author of a chapter in the Handbook to start with a section on the history and naming
of the enzyme.
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Scope of the Handbook

The Handbook contains information on almost every known peptidase. Amongst these there are formal entries on all the
peptidases that are included in the current EC List, but it should be noted that a few of these now seem unlikely to represent
distinct enzymes and may disappear in later revisions of the List (as is explained in the text). There are also chapters on many
peptidases that have not yet been included in the EC List, as well as accounts of some gene products that are shown by their
amino acid sequences to be close relatives of known peptidases but have not yet been demonstrated directly to be peptidases
in their own right. Also included for their interest are a few entities that show peptidase-like activity, but would not normally
be thought of as peptidases proper. Amongst these are a number of self-processing proteins, an antibody molecule, and a
histone-splitting chromoprotein. By use of these broad criteria, we assembled a list of over 500 peptidases for inclusion in
the Handbook, and invited a similar number of expert authors to write about them.

Classification

A fundamental aspect of the Handbook is the way in which it is organized. The peptidases are grouped on the basis of primary
and tertiary structures into families and clans, and these are further grouped by catalytic mechanism. The classification used
in the Handbook is therefore very different from that adopted in the EC List (see above), where the peptidases, which form
subclass 3.4 of all enzymes, are divided into 13 sub-subclasses. The sub-subclasses are not further divided, and the peptidases
are listed in arbitrary order within each of them. The molecular structures and evolutionary relationships that are of key
importance in the present Handbook are not taken into account in the EC classification.

The system of classification that we have employed in the Handbook is one that was introduced by Rawlings & Barrett
(1993), and has subsequently been further developed by these authors. In this scheme, a family of peptidases is a group in
which every member shows a statistically significant relationship in amino acid sequence to at least one other member of the
family in the part of the molecule that is responsible for peptidase activity. Strict statistical criteria are applied so that we can
be confident that any two peptidases that are placed in the same family have evolved from a common ancestor and thus are
homologous by the definition of Reeck et al. (1987). The restriction of the comparison to the catalytically active part of the
molecule is an important one, since many peptidases are chimeric proteins containing additional, nonpeptidase domains that
are shared with other groups of proteins. We do not consider the relationships of these domains to be directly relevant to the
classification of the peptidase, and for this reason, the peptidase families do not correspond closely to families of proteins
recognized in other systems, such as the PIR protein sequence database (Barker ef al., 1990). A few of the peptidase families
contain two or more rather distinct groups of peptidases (shown by a deep divergence in the dendrogram: see below), and for
these, subfamilies are recognized.

Each peptidase family is named with a letter denoting the catalytic type (S, T, C, A, M or U, for serine, threonine, cysteine,
aspartic, metallo- or unknown), followed by an arbitrarily assigned number. When a family disappears, usually because it is
merged with another, the family name is not reused, and for this reason there are interruptions in the numerical sequences of
families that are of no current significance.

Clan is the term used to describe a group of families the members of which have evolved from a single ancestral protein,
but have diverged so far that we can no longer prove their relationship by comparison of the primary structures (Rawlings
& Barrett, 1993; Barrett & Rawlings, 1995). The clearest kind of evidence for clan-level relationship between families is
similarity in three-dimensional structures, but the arrangement of catalytic residues in the polypeptide chains and limited
similarities in amino acid sequence around the catalytic amino acids can also be revealing. The name of a clan is formed
from the letter for the catalytic type (as for families) followed by an arbitrary second capital letter. If a clan disappears, the
name is not reused. Not all families can yet be assigned to clans. When a formal clan assignment is needed for these it is
given as SX (for a serine peptidase family), or CX, AX, etc.

Catalytic type depends upon the chemical nature of the groups responsible for catalysis in a way that can be traced back
to Hartley (1960) and was adapted for the EC List in 1972. The major catalytic types are Serine, Cysteine, Aspartic, Metallo
and as yet Unclassified, and these initial letters can be seen on the right-hand margin of the pages of the present volume,
to provide easy access to the relevant sections of the book. Generally, the use of these catalytic types as the top level of
the hierarchical classification of peptidases works well, but there are a few anomalies. Most notably, the serine peptidases
of clan SA undoubtedly share a common origin with the cysteine peptidases of clan CB (see Chapter 238). It should also
be mentioned here that for practical convenience a few enzymes such as the proteasome in which threonine rather than
serine forms the nucleophile of catalysis have been placed in the ‘serine’ section, and the ‘aspartic’ section contains several
acid-acting endopeptidases that may possibly contain catalytic glutamic residues.

The Handbook contains many links to the MEROPS database. This is a WWW database of information on peptidases
(curated by NDR) set up as a means to respond to the constant state of development of the system of families and clans
of peptidases that is driven by the flow of new data for primary and tertiary structures. New releases of the database
appear as needed, and we hope that readers will obtain updating information from it after publication of the book. The
CD-ROM version of the Handbook -contains a hypertext link to the MEROPS database on the WWW from each chapter.
Anyone wishing to browse the MEROPS file for a chapter without the CD can do so by use of a URL in the form
http://www.bi.bbsrc.ac.uk/Merops/HPE[chapter].htm, in which [chapter] is the chapter number in the Handbook (without
the brackets). Each peptidase has a unique identifier (ID) in MEROPS. The ID is constructed of two parts, the family name
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(e.g. ‘SO1”) and an arbitrary three-digit number for the individual peptidase within the family, the two parts being separated
by a decimal point. The minority of peptidases for which sequences are not yet available cannot be assigned to families,
and for these, provisional MEROPS IDs are formed as follows. As usual, the first character is a letter for the catalytic
type, but this is always followed by a figure 9, and the third character is a letter indicating the type of peptidase activity:
A, aminopeptidase; B, dipeptidase; C, dipeptidyl- or tripeptidyl-peptidase; D, peptidyl-dipeptidase; E, carboxypeptidase; F,
omega peptidase, and G, endopeptidase. The second part of the ID is formed as usual. The ID also can be used for direct
access to the relevant data file in MEROPS. The URL is exactly as described for the chapter links, but HPE[chapter] is
replaced by the seven-character MEROPS ID modified by changing the decimal point to ‘p’. Thus, the file for acrosin (ID
S01.223) is http://www.bi.bbsrc.ac.uk/Merops/S01p223.htm.

Editors’ Introductory Chapters

Since the Handbook is organized according to the hierarchical classification: catalytic type, clan and family, families do not
necessarily appear in numerical order. Text on any given family can be located by use of the subject index, but additionally,
each sequence of chapters on peptidases from a single clan or large family is preceded by an introduction from the editors.
The introductory chapter typically starts with a databanks table (see below) that gives an overview of the families within
the clan and their constituent peptidases. Data are not repeated from the individual chapters, but cross-referenced. Sequence
database accession numbers are, however, given for peptidases or putative peptidases that are not the subjects of separate
chapters, including peptidase homologs that are known as sequences but have not yet been characterized biochemically.

Alignments of amino acid sequences have been prepared for most families. A preliminary alignment was constructed by use
of the PILEUP program of the GCG package (Genetics Computer Group, 1994). This was improved manually, and when a
structural alignment based on three-dimensional structure was available in the literature, the preliminary alignment was edited
to match this. For brevity, the alignments are not presented in full, but are shown in one of two ways. For some families,
the chimeric nature of the proteins is of interest, and ‘domain diagrams’ have been produced in which the arrangement of
domains of various types, location of active-site residues, and disulfide loops are depicted schematically. On the CD-ROM
only, there are also partial alignment diagrams in which key regions of the sequences are picked out, typically to show the
conserved sequence motifs around the functionally important amino acid residues.

Dendrograms are shown for many families. These are based on the alignment of the amino acid sequences of the peptidase
units for the family. That is to say, the alignment as described above was trimmed to exclude all portions of the sequences that
are not part of the peptidase unit, including in some cases inserts within the peptidase unit. For some very large families, only a
selection of peptidases was included. A difference matrix of percentage sequence identities was computed from the alignment
and this was used to compute the tree. The Fitch-Margoliash algorithm (Fitch & Margoliash, 1967) with contemporary tips
was used as implemented in the KITSCH program of the PHYLIP package (Felsenstein, 1989). The trees are used here to give
a graphic depiction of the distances between the structures of peptidases within a family and are not intended to represent an
accurate reconstruction of the evolutionary history of the family; statistical sampling has therefore not been performed. The
trees are drawn so that the longest branches are uppermost. The x-axis is calibrated in PAM (percentage accepted mutations)
calculated from the percentage identity at the amino acid level as described by Dayhoff er al. (1978).

At least one Richardson diagram depicting the protein tertiary structure has. been constructed for every peptidase family
for which a structure has been published. Each of these (in the style of Richardson, 1985) has been constructed from a
PDB entry, and where possible structures have been selected that include a bound small molecule inhibitor or substrate. The
diagrams were constructed by use of a series of programs. First, the RASMOL program (Sayle & Milner-White, 1995) was
used to orient the molecule so that all the active-site residues are visible (and to place molecules with similar structures in
the same orientation). For the book, the MOLSCRIPT program (Kraulis, 1991) was used to generate the images in grayscale.
For the CD-ROM, the MOLSCRIPT program was then used to generate an input file for the RENDER program (Bacon &
Anderson, 1988) of the RASTER3D package (Merritt & Murphy, 1994). We have shown helices as (red) coils, sheets as
(green) arrows, and coils and turns as (cyan) wires. Active-site residues and bound inhibitors and substrates are shown in
ball-and-stick representation, and metal ions as Corey—Pauling—Koltun spheres. In some cases, the PDB entries have been
edited so that only one subunit of a multimeric structure is shown.

Chapters on Individual Peptidases

A series of chapters on related peptidases is typically ordered to bring together enzymes that are shown as being closely
related in the dendrogram for the family. Each chapter on an individual peptidase starts with a databanks table compiled by
NDR. The first line of this gives the peptidase classification, i.e. the name of the clan and family and the MEROPS identifier
(ID) of the peptidase. The peptidase classification line is followed by the EC number, the American Tissue Culture Collection
(ATCC) clone numbers, and the Chemical Abstracts Service (CAS) Registry number.

The body of the databanks table contains the primary sequence database accession numbers, arranged alphabetically
by scientific binomial of the organisms from which sequences are known. The organism name is printed for
each distinct gene product. Accession numbers have been collected from the SwissProt protein sequence database
(SW) (Bairoch & Apweiler, 1996) (http://expasy.hcuge.ch/sprot/sprot-top.html), the PIR database (Barker efal.,
1990) (http://www-nbrf.georgetown.edu/pir/), the EMBL nucleic acid sequence database (Kahn & Cameron, 1990)
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(http://www.ebi.ac.uk/ebi_docs/embl_db/embl_db.html), and occasionally the GenPept database. Of these databases, only
SwissProt is nonredundant. Accession numbers in the EMBL database are the same as those in the GenBank (Benson
et al., 1998) (http://www.ncbi.nlm.nih.gov/Web/Genbank/index.html) and DDBJ (http://www.ddbj.nig.ac.jp/) databases. The
entries for the EMBL database have been arranged in two columns for clarity. One column is headed ‘cDNA’ and refers to
EMBL entries containing only the sequence of the peptidase mRNA (or the gene in the case of a peptidase from a bacterium).
The second column, headed ‘genomic’ includes complete genes, exons, introns, gene promoters, and portions of genomes.
The accession number may be followed by a brief comment describing the database entry.

A Brookhaven Protein Data Bank table is provided for those peptidases for which the coordinates of a three-dimensional
structure have been deposited in the Protein Data Bank (PDB) (Bernstein et al., 1977) (http://www.pdb.bnl.gov/). The entries
in this table are arranged by scientific binomial and then alphabetical order of the PDB accession number. All structures
relating to the peptidase in question are included in the table together with the computed resolution of each structure (in
Angstrom units) and a brief description.

The remainder of each chapter has been prepared by the author(s) credited at the end of the chapter, and the chapters
have a uniform structure. Following the databanks table there is the author’s text describing the Name and History, Activity
and Specificity, Structural Chemistry, Preparation, Biological Aspects, Distinguishing Features, Related Peptidases, Further
Reading and References.

In the descriptions of the specificity of the peptidases, the symbol ‘4’ has frequently been used to mark the bond that is
hydrolyzed, the scissile bond, in the formulae of substrate molecules. Underlying the visible text on the CD-ROM there is
encoded an invisible version of the same information that can be searched (see below).

The terminology used in describing the specificity of peptidases depends on a model in which the catalytic site is considered
to be flanked on one or both sides by specificity subsites, each able to accommodate the side chain of a single amino acid
residue. These sites are numbered from the catalytic site, S1...Sn towards the N-terminus of the substrate, and S1’...Sn" towards
the C-terminus. The residues they accommodate are numbered P1...Pn, and P1’...Pn/, respectively, as follows (the catalytic
site of the enzyme being marked “*’):

Substrate: - P3 - P2 - P1 + P - P2 - P¥ -
Enzyme: - 83 - 82 - S1 * SI' - 82 - 83 -

This scheme is essentially as described by Berger & Schechter (1970), but slightly simplified in that we print the numbers of
subsites and the side chains they accommodate on the line rather than subscript, and place the prime signs after the numbers.

Appendices

The sequence of 569 chapters is followed by two appendices: Appendix 1 provides the common English name (if any) and
the type of organism for each of the species from which a peptidase sequence is listed in the book, and Appendix 2 provides
address details for many of the suppliers of materials mentioned.

CD-ROM

The CD-ROM version of the Handbook contains the full text with a number of enhancements. There are many hypertext
links, including links through the WWW to the MEROPS database. The figures are in color, and the text is fully searchable,
so that any term not in the printed Index should be easily located. These may include authors’ names, words in titles or journal
names for the more than 15 000 references cited throughout the text. Also, there is a specially designed search function for the
scissile bonds in substrate structures that allows the reader to locate a peptidase with a given specificity. There are facilities
for the insertion of bookmarks, and for copying and pasting the text. All of this is described more fully in the leaflet that
accompanies the CD.

Feedback to the Editors

The editors would be pleased to hear of any necessary corrections, additions, or information on new enzymes. Whether or not
there will be a further edition of the Handbook, such information may be used to correct and update the MEROPS database
and the EC List. Please address your comments to any of the editors at his email address.
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