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Abstract 

Proteolytic enzymes  are synthesized as inactive precursors, or “zymogens,” to prevent unwanted protein degradation, 
and to enable spatial and temporal regulation of proteolytic activity. Upon sorting or appropriate compartmentalization, 
zymogen conversion to the active enzyme typically involves limited proteolysis and removal of an “activation segment.” 
The sizes of activation segments range from dipeptide units to independently folding  domains comprising more than 100 
residues. A common form of the activation segment is an N-terminal extension of the mature enzyme, or “prosegment,” 
that sterically blocks the active site, and thereby prevents binding of substrates. In addition to their inhibitory role, 
prosegments are frequently important for  the folding, stability, and/or intracellular sorting of the zymogen. The mech- 
anisms of conversion to active enzymes  are diverse in nature, ranging from enzymatic or nonenzymatic cofactors that 
trigger activation, to a simple change in pH that results in conversion by an autocatalytic mechanism. Recent X-ray 
crystallographic studies of zymogens and comparisons with their active counterparts have identified the structural 
changes that accompany conversion. This review will focus upon the structural basis for inhibition by activation 
segments, as well as the molecular events that lead to the conversion of zymogens to active enzymes. 
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Proteolytic enzymes  are essential for a variety of biological pro- 
cesses  in organisms ranging from viruses and bacteria to mam- 
mals. In addition to their fundamental role in the digestion and 
catabolism of proteins, these enzymes  have  evolved to perform 
many specialized tasks in complex organisms (Neurath, 1984). In 
mammals, proteolytic action is necessary for such diverse pro- 
cesses as blood coagulation and fibrinolysis (Davie  et al., 1991), 
the controlled degradation of cytosolic and nuclear proteins (Ciecha- 
nover, 1994; Palombella et al., 1994; Peters, 1994). regulation of 
sodium balance  and blood pressure (Vallet et al., 1997), and the 
immune response and apoptosis (Greenberg, 1996; Groettrup et al., 
1996). Bacterial enzymes,  such as the serine proteinases, share 
mechanistic similarities with their mammalian counterparts, but 
have evolved separately and have unrelated amino acid sequences 
and three-dimensional structures (Matthews, 1977). The viral en- 
zymes, such as the retroviral aspartic proteinases and  the picorna- 
viral cysteine proteinases, are structurally related to cellular enzymes. 
The viral cysteine proteinases are unusual because they have a 
chymotrypsin-like fold, but the nucleophilic residue is a cysteine 
(Allaire  et al., 1994). The reason why a serine proteinase fold 
should possess a cysteine nucleophile in viral enzymes  is un- 
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known, but it has been postulated that they are the evolutionary 
precursors of the chymotrypsin family (Brenner, 1988). 

All known cellular  and bacterial proteolytic enzymes  are syn- 
thesized as inactive precursors (or zymogens) to prevent unwanted 
protein degradation. Zymogen conversion to the active enzyme 
generally occurs by limited proteolysis of an inhibitory “activation 
segment” within a subcellular compartment or the extracellular 
milieu, in which the particular enzyme exerts its biological func- 
tion. Conversion may involve accessory molecules, or the process 
may be autocatalytic, requiring no additional factors other than a 
drop in pH. Many zymogens contain N-terminal extensions of the 
mature enzyme (or prosegments) that prevent access of substrates 
to the active site. In the context of the present discussion, the “p” 
suffix following the residue names or numbers will denote those 
residues comprising the prosegments. 

Activation segments have also been observed as insertions within 
the primary sequence of the mature enzyme, between the catalytic 
residues (Rudenko et al., 1995). However, the activation segment 
has never been found at the C-terminus of a zymogen, thus pre- 
cluding the risk of the active site gaining activity before the syn- 
thesis of the polypeptide is complete. Some activation segments 
have additional roles  in protein folding and/or intracellular sorting 
(e.g., prosubtilisin (Strausberg et al., 1993); procaricain (Groves 
et al., 1996); a-lytic pro-protease (Baker  et al., 1993); yeast pro- 
carboxypeptidase Y (Winther & Sorenson, 1991); yeast pro- 
proteinase A (Klionsky  et al., 1988; Westphal et al., 1996); 
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procathepsin L (Cuozzo et al., 1995)). Proteinases from retroviruses 
and Picornaviruses are essential for the cleavage of the large poly- 
protein precursors of the viruses to their functional units. The pro- 
teolytic enzyme is initially synthesized as part of the polyprotein and 
is flanked by structural and enzymatic modules that are required for 
replication of the virus. The proteolytic enzyme  is excised from the 
polyprotein by a stepwise and coordinated activation mechanism that 
has not been characterized in structural detail. 

The subject of zymogen activation traces its roots to studies of 
the pancreatic and  gastric  enzymes in the 1930s (reviewed by 
Neurath, 1957). Kunitz and Northrop characterized the biochem- 
ical and biophysical properties of the molecular species detected 
during the conversion of chymotrypsinogen to y-chymotrypsin, 
and noticed partial peptide hydrolysis (Kunitz & Northrop, 1935; 
Kunitz, 1938). In later studies of the conversion of trypsinogen to 
trypsin by Desnuelle and co-workers, the newly formed N-terminal 
sequence was found to be Ile-Val-Gly, as characterized by the 
Edman degradation method (Rovery et al., 1953). These seminal 
experiments eventually contributed to our understanding of the 
role of limited proteolysis in the conversion process. During the 
late 1930s, Roger Hemott analyzed the kinetics of the conversion 
of porcine pepsinogen to pepsin at low pH and identified an in- 
termediate compound, noting that the loss of pepsinogen was not 
immediately accompanied by an increase in pepsin (Hemott, 1939). 
It is remarkable that these careful experiments were performed at 

a time when the fundamental structure of proteins remained a 
matter of intense debate (Tanford, 1997). The development of 
X-ray crystallographic methods for proteins in the 1960s and 1970s 
expanded our knowledge of the structural basis for the conversion 
process in the serine proteinases. Crystallographic studies by Kraut 
and colleagues (chymotrypsinogen) and Bode and Huber (tryspino- 
gen) provided the first glimpse of the structural basis for the in- 
activity of zymogens. It is remarkable to note that the contributions 
of Bode and Huber to the field of zymogen activation has contin- 
ued unabated through two decades to the present (Aviles et al., 
1993; Bode & Renatus, 1997). 

It is satisfying to observe a rapid increase in the number of 
zymogen structures determined by X-ray crystallography in recent 
years. Most families of proteolytic enzymes now have at least one 
representative zymogen structure in the protein database (Table 1). 
In some instances, recombinant DNA techniques have been used to 
mutate active site residues in order to prevent autocatalytic con- 
version of the zymogen, thus enabling purification and structural 
analyses. In other instances, the mechanisms of inhibition in zy- 
mogens have been studied with a view to the development of novel 
and specific inhibitors of the corresponding mature enzymes in the 
pharmaceutical industry (Becker et al., 1995). In this study, the 
prosegment of pro-stomelysin-1 , a cysteine proteinase implicated 
in tumor invasion, interacts with the active site in the reverse 
polypeptide direction (N + C termini) that would be expected for 

Table 1. X-ray crystallographic structures of zymogens 

Resolution 
Zymogen Family (A) PDB Reference 

Bovine chymotrypsinogen Serine endopeptidase I .8 2cga Wang  et al., 1985 
2.5 lchg Freer et al.. 1970 

Bovine trypsinogen 1.9 1 tgn Kossiakoff et al., 1977 
1 .x I tgb Fehlhammer et al., 1977 

Bovine zymogen E 2.3 1 fon Pignol et al., 1995 

Prosubtilisina 2.0  lspb Gallagher et al., 1995 

Human protective protein Serine carboxypeptidase 2.2 I ivy Rudenko et al., 1995 
~~~~ ~ 

Porcine pepsinogen Aspartic endopeptidase 1.8 2psg James & Sielecki, 1986 
1.65 3psg Hartsuck et al., 1992 

Human progastricsin 1.62 

Human procathepsin L Cysteine endopeptidase 2.2 
Human procathepsin B 2.5 

Rat procathepsin B 2.8 
Procaricain from Carica papaya 3.2 

Porcine procarboxypeptidase A I Zinc carboxypeptidase 2.0 
Human procarboxypeptidase A2 Zinc carboxypeptidase 1.8 

Porcine procarboxypeptidase B 2.3 
Human pro-stromelysin-l Zinc matrix metalloproteinase 1.9 

Bovine ternary complex Two serine endopeptidases 2.35 
Zinc carboxypeptidase 

1 htr Moore et al., 1995 

lcjl 
3pbh 
lmir 
1 pci 

1 pca 

1 nsa 
lslm 

1 PYt 

Coulombe et al., 1996 
Turk et al., 1996 
Cygler et a]., 1996 
Groves et al., 1996 

Guasch et al., 1992 
Garcia-Saez et al., 1997 
Coll et al., 1991 
Becker et al., 1995 

Gomes-Ruth et al., 1997 

Yeast proteasorneb Ntn hydrolase family 2.35 1 ryP Groll et al., 1997 

aThe structure was a noncovalent complex of the prosegment with the active enzyme. 
bThe proteasome contains two catalytic P-subunits that are inactive due to uncleaved N-terminal extensions (prosegments) of their 

mature segments. 
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genuine substrates. It is proposed that inhibitors may be designed 
to exploit  this ability of the  enzyme to find peptides in the reverse 
sense. Since zymogen activation encompasses such fields as pro- 
tein folding, targeting, and catalysis, there  is little doubt that stud- 
ies of zymogens and their conversion will continue to provide new 
insights into protein structure and function in years to come. 

The purpose of this review is to acquaint readers with the mo- 
lecular events that result in the conversion of zymogens to active 
enzymes. Consequently, the scope of the review will be limited to 
published structures  of zymogens and the corresponding mature 
enzymes,  as well as any biophysical or biochemical data related to 
these structural studies. The inhibitory mechanisms utilized by 
activation segments are  diverse, but a common property of zy- 
mogens is that the “catalytic machinery” is preformed. Here, the 
“catalytic machinery” refers to all aspects of the active site  (bond- 
cleavage apparatus, substrate-binding cleft) that are required for 
productive cleavage of peptide bonds. For example, the positions 
and conformations of the catalytic triads of the serine and cysteine 
proteinase zymogens, the two catalytic Asp residues in aspartic 
proteinase zymogens, and the catalytic Zn2+ in metalloproteinase 
zymogens are virtually identical to their corresponding active forms. 
However, the conversion process often involves significant con- 
formational changes in regions that are adjacent to the active site, 
or within the activation segments that are subsequently removed. 

This review is organized into the  four enzyme superfamilies, as 
classified by the International Union of Biochemistry (IUBMB) 
according to their mechanisms of peptide hydrolysis (IUBMB, 
1992). The fifth section is devoted to oligomeric complexes of 
zymogens and the effects upon activation pathways. Within each 
family, the discussion proceeds roughly in the following manner: 
( 1 )  a description of the mature enzyme and its mechanism of 
catalysis, (2) the structure of the zymogen and the mechanism of 
inhibition, and (3) the molecular events that result in conversion 
of the zymogen to the active enzyme. The review concludes with 
a discussion of the future directions in studies of  zymogen activation. 

1. Serine proteinases and their zymogens 

Serine proteinases (EC 3.4.21.-) contain a catalytic serine residue 
that acts  as the nucleophile during catalysis. These  enzymes have 
evolved from their role in digestion to specialized roles such as 
participation in the cascade of cleavages that sequentially activate 
zymogens during the formation of a blood clot (Neurath, 1984). 
The overall folds are categorized as the chymotrypsin-like en- 
zymes, which contain two domains that are each composed of a 
six-stranded and anti-parallel /?-barrel, and the bacterial (subtilisin- 
like) enzymes.  Our discussions will focus upon the chymotrypsin 
family, although the reader is directed to the recently determined 
crystal structure of subtilisin in a noncovalent complex with its 
inhibitory prosegment (Gallagher et al., 1995). 

The same catalytic machinery has arisen from an independent 
evolutionary history in all serine proteinases. During the reaction 
cycle, the catalytic serine forms a covalently-attached tetrahedral 
intermediate with the carbonyl-carbon atom of the scissile peptide 
bond of substrates (Kraut,  1977; Matthews et al., 1977; Steitz & 
Shulman, 1982; Polgar, 1989). The serine residue is found at the 
active center  as part of a geometrically conserved Ser-His pair 
(Ser195 and His57 in chymotrypsin; Fig. 1A). The histidine resi- 
due acts  as a general base to enhance  the nucleophilicity of Ser195 
during the reaction (Perona & Craik, 1995). In addition, an aspar- 
tate residue (Asp102) is often situated in the vicinity of the His and 

may act to stabilize the required tautomer and rotamer of the 
imidazolium side chain (Craik et  al., 1987; Sprang et al., 1987). 
Finally, an essential component of the active site is a pair of hy- 
drogen bond donors  (the oxyanion hole) that stabilize the devel- 
oping negative charge on the carbonyl oxygen atom of the tetrahedral 
intermediate. In chymotrypsin, these are the backbone amide atoms 
of Gly193 and Ser195  (Robertus et al., 1972). The amides donate 
their protons to the carbonyl oxygen of the P1 residue (notation of 
Schechter & Berger, 1967), providing the stabilization of the tran- 
sition state that is necessary for catalysis. Together, these proper- 
ties of the active  site machinery require a precise conformation for 
the segment 190-195  in chymotrypsin. 

The conversion of chymotrypsin-like zymogens to the active 
enzymes was the earliest model of the role of limited proteolysis in 
zymogen activation (Neurath, 1957). The basic principle of con- 
version, that structural changes in the zymogen are necessary for 
activation, was established over 40 years ago  (Davie & Neurath, 
1955). The activation of chymotrypsinogen is initiated by trypsin- 
mediated cleavage of a peptide bond between Arg15-Ile16. The 
conversion process can also be triggered by the action of entero- 
kinase and is influenced by pH and the presence of Ca2+ ions 
(reviewed by Neurath, 1957). Limited proteolysis results in a newly- 
liberated NH3+-terminus at Ile 16, which forms an ion-pair with 
the carboxylate side chain of Asp194, triggering the formation of 
an active enzyme  (Freer  et al., 1970; Huber & Bode, 1978). Sub- 
sequent cleavages result in the release of the dipeptides Serl4- 
Argl5 and Thr147-Asn148 by an autocatalytic mechanism. The a- 
and y-forms of chymotrypsin are chemically identical but are dis- 
tinguished by the space group in which the protein forms crystals 
under the influence of varying pH (a-chymotrypsin, P2, ,  two mol- 
ecules in the asymmetric unit; y-chymotrypsin, P4,2,2, one mol- 
ecule per anymmetric unit (Kunitz, 1938; Desnuelle, 1959; Cohen 
et al., 1981; Blevins & Tulinsky, 1985; Tsukada & Blow, 1985). 
The N-terminal peptide (residues 1-13) remains attached to the 
rest of the enzyme via a disulfide bridge between Cys I and Cys 122. 
The chemical and structural properties of a- and &trypsin have 
also been characterized (Bode & Schwager, 1975; Bode et al., 
1976; Bartunik et al., 1989). The two forms of the active enzyme 
have similar catalytic properties but are distinguished by the lack 
of cleavage within the autolysis loop, following Lys145,  in P-trypsin. 

X-ray crystallographic studies of serine proteinases in the 1960s 
and 1970s established that the overall fold of the zymogen and the 
active enzyme are identical but that a small region undergoes large 
structural changes during conversion. Comparisons of the struc- 
tures of chymotrypsinogen and a-chymotrypsin revealed that the 
substrate-binding cleft was only partially formed in the zymogen 
and that the peptide bond between Met192-Gly193 was in the 
wrong orientation to contribute a proton to the oxyanion hole 
(Steitz et al., 1969; Freer et al., 1970). Soon afterward, the detailed 
crystallographic studies of trypsinogen and trypsin in several crys- 
tal forms by Bode and Huber, including an isomorphous trigonal 
form of the zymogen and the active enzyme, provided the funda- 
mental insight into the basis for low reactivity of the zymogen 
(Fehlhammer et al., 1977; Bode & Huber, 1978; Huber & Bode, 
1978). These studies revealed that the zymogen has a pre-formed 
catalytic traid, but the inactivity arises from a disordered loop 
(186-194) resulting in a partially obstructed substrate-binding cleft 
and an immature oxyanion hole. These conclusions were consis- 
tent with studies by Neurath and co-workers showing that small 
active-site inhibitors of serine proteinases (e.g., methanesulfonyl 
fluoride) acylate the zymogen nearly as efficiently as  the mature 
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enzyme.  However,  bulky  reagents  have difficulties  in  accessing  the 
active  site of  trypsinogen  (vs. trypsin), as evidenced  by  compari- 
sons of their  second-order  rate  constants  (Morgan et al., 1974; 
Kerr et al., 1975). 

Activation mechanism of chymotrypsinogen 
In the  1980s,  the  structure of bovine  chymotrypsinogen  was 

solved to 1.8 A resolution  (Wang et al.,  1985)  and  compared to the 
refined  models  of  y-chymotrypsin  and  a-chymotrypsin  (Cohen 
et al.,  1981; Blevins & Tulinsky, 1985).  These  studies  revealed  that 
the  position  and  conformation  of  the  active site residues  in  the 
zymogen,  Ser195  and  His57, are indistinguishable  from  those of 

A 

the  mature  enzyme  (Fig.  lA,B).  Large  side-chain  movements  near 
the  active  site  (Ile99,  Ser214-Gly216) are not  observed, as had 
been  suggested  previously (Freer et al.,  1970). Part of the substrate 
binding  cleft  that  includes  the  segments  213-220  and  225-228  is 
preformed  in  the  zymogen. 

The most  dramatic  conformational  changes  occur in the  segment 
Ser189-Asp194,  which  immediately precedes  the  catalytic  Ser195 
(Fig.  1B). This segment  consists of a  loop  that  is  turned  “inward” 
in  the  zymogen,  but  following  activation,  the  loop  moves  “out- 
ward”  toward the solvent,  thus  forming  the  mature  substrate  bind- 
ing  cleft.  The  conformational  rearrangement  of  the  backbone in 
this segment is facilitated by cleavage of the  peptide bond  between 

B 

H57 
... 

Uel6 gel 6 
N-TER N-TER 

Fig. 1. Shuctures of serine proteinases  and their zymogens. A: C, vector  superposition  of  bovine  chymotrypsinogen  (thick  green;  PDB 
code Zcga,  Table 1) with a-chymotrypsin (thin blue, PDB code 5cha (Blevins & Tulinsky,  1985)).  The  models  shown include residues 
1-245 for the  zymogen; 1-8,  16-146,  and  149-245 for cy-chymotrypsin. The RMSD for 1,736  backbone  atoms  was  1.27 A. The side 
chains of Ser195,  His157,  and  Asp102 of  the  zymogen are red.  The  dashed line between  Ile16(C,)  and  Asp194(C,)  of achymotrypsin 
helps to visualize  the salt bridge  between Ile16(N) and  the side chain of  Asp194  that  leads to the  conformational  changes  in  the 
backbone  of  the  segment  190-194.  Conformational changes are also observed  in  the  segments 16-19,  144-152,  and  217-221. The 
figure was  drawn  using  BOBSCRIPT (Esnouf, 1997). B: Active  site of chymotrypsinogen (green) and a-chymotrypsin (purple), shown 
as  stick  vectors. The view  is  a  close-up of  the active site, in  a  similar  orientation  to  (A).  Hydrogen  bonds are shown as dashed  lines. 
The active site  residues  Ser195,  His57,  and  Asp102  remain  unchanged  during  conversion.  However,  the  backbone  conformation of the 
region from 190-194 is  dramatically  altered. The side chain of Asp194  hydrogen  bonds  to  the side chain of His40 in the zymogen. 
However,  the side chain of  Asp194  rotates  to  a  new  position,  forming  a  salt  bridge  with  the  newly  cleaved a-amino group of Ile16 in 
the active enzyme. C: Ribbon  model of  human protective  pro-protein (PDB code livy) in  stereo.  The  “cap”  region (residues 182-302) 
is shown  in  green  ribbons,  while  the  “core”  region is represented in grey. The activation  segment  that is removed during conversion, 
Met285-Arg298, is red. The side chains of the catalytic  residues (Serl50, His429,  Asp372) are also red.  The side chain of  Asn275, 
which occupies the S1 binding  pocket, as well as two  pairs  of  salt-bridged  residues  (Arg262-Asp300,  Glu264-Arg298)  adjacent  to  the 
activation  segment are also shown.  The figure was  drawn  using  BOBSCIUPT (Esnouf, 1997) and  rendered  with  Raster3D (Merritt & 
Murphy,  1994). D Close-up  of  the active site and  the  activation  segment of  pro-HPP. The orientation  and color scheme are identical 
to (C). Hydrogen  bonds  and salt bridges are shown as dashed  lines.  The sites of limited  proteolysis are Arg284-Met285  and 
Arg298-Met299, resulting in the removal of  the region  highlighted in red. However, this region  itself does not  block the active  site, 
suggesting  that  conformational  changes  that  uncover  the  active  must  take  place  during  conversion.  Following  limited  proteolysis  and 
removal  of  Met285-Arg298,  the  complex  of the N- and  C-terminal  polypeptides  is  stabilized by a pair of disulfide bonds (not shown). 
(Figure continues on facing page.) 
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ArglS-Ilel6. His40, at one time  implicated  in  a  push-pull  mech- 
anism  of  proteolytic  hydrolysis  with  His57  (Polgar & Halasz,  1982), 
forms  a  hydrogen-bonded  ion-pair  with the Asp194  carboxylate  in 
the  zymogen. In the  active  enzyme,  Asp194  changes its allegiance 
and  forms  an  ion-pair  with the newly  liberated  N-terminus  at  Ile16. 
The overall  change  at  Asp194  involves  a  rotation at the C"-C  bond 
of about 180". The  resulting  conformational  changes  in the back- 
bone  orient  the Gly193(N) in  the  direction of the  substrate  binding 
site,  where it serves as a  hydrogen-bond  donor to the  substrate 
carbonyl  oxygen in the  oxyanion  hole.  Another  consequence  of  the 
conformational  change is the  movement of the  side  chain of Met192 
from  a  buried  position in the zymogen to a  completely  exposed 
location  in  the  mature  enzyme (Ken et al., 1976; Wang et al., 
1985).  The C, atom  of  Met192  differs  by  7.3 A from its position 
in the  zymogen as compared to mature  chymotrypsin. In summary, 
conversion of the zymogen to the  mature  enzyme  involves the 
completion of a  partially  formed  substrate-binding  cleft  and  oxy- 
anion  hole. 

Comparisons of the  structure of bovine  chymotrypsinogen to 
that of  bovine  trypsinogen  (Fehlhammer et al., 1977; Wang et al., 
1985)  indicate minor differences  in  the  regions  that are relevant to 
the  conversion  process.  The  differences  include  the  loop  between 
residues  Ile16-Gly19,  which  appears to be  strained in chymotryp- 
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sinogen  due to the  close  approach of  Val17  (Cp) to Asnl8(N); the 
equivalent  loop in trypsinogen is disordered. In both  zymogens, 
limited  proteolysis  and  formation of a  salt  bridge  involving the 
newly  liberated  N-terminus  and  an  internal  Asp  residue is essential 
for conversion.  However, it is possible to generate  a  functional 
serine  proteinase  without  limited  proteolysis of an activation  seg- 
ment  (Bolognesi et al.,  1982). The structures of the bacterial  serine 
proteinases  from Strzptomyces  griseus and a-lytic protease have 
revealed  that  these  enzymes  do  not have zymogen  precursors  that 
must be cleaved  to  the  active  form.  The  active  conformation is 
triggered  by  substituting  the  side  chain of another  residue  (Arg138) 
to provide the counter-ion for Asp194  (Brayer et al.,  1979). This 
salt  bridge is buried  internally in these  enzymes,  suggesting  that its 
formation  takes  place  during the folding of the  polypeptide  (Brayer 
et  al., 1979).  Also,  trypsinogen  can be converted to a  partially 
active  enzyme  upon  addition of  Ile-Val dipeptides  without  any 
proteolytic  cleavages.  The  N-terminus of the  dipeptide is able  to 
mimic  the  cleaved  N-terminus  at  Ile16,  thus  forming  a  salt  bridge 
with  Asp194  and  triggering  the  conversion  process  (Bode et al., 
1978). 

Detailed  structural  and  thermodynamic  studies of  trypsinogen 
complexes  with  various  peptides  have  indicated  that  the  confor- 
mational  transition is achieved  by the movement  of ne16 toward  a 
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Fig. 1. Continued. 
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pocket (the “Ile16 cleft”), and formation of the salt bridge between 
Ilel6(N) and the side-chain carboxylate of Asp194 (Bode, 1979). 
The Ile16 cleft is solvent-filled in trypsinogen, and during the 
conversion process, it has the correct size and shape to accommo- 
date the  side chain of Ile16. Alternatively, the binding of pancreatic 
trypsin inhibitor to trypsinogen is found to be sufficient to drive the 
conversion of trypsinogen to a “trypsin-like’’ conformation. Based 
upon these observations, a model has been proposed in which the 
zymogen is able to alternate between inactive and active confor- 
mations such that limited proteolysis of the activation segment 
forces the zymogen irreversibly into the active state (Bode, 1979). 
A residual activity in chymotrypsinogen toward small ester-based 
substrates  is suggestive that the active site requires very subtle 
changes and is poised for catalysis (Kerr  et al., 1976). In addition, 
trypsinogen is  able to self-activate in the presence of Ca2+ ions, 
and the zymogen is further able to activate chymotrypsinogen in 
trans, suggesting partial catalytic activity inherent within these 
zymogens (Kay & Cassell, 1971). 

Regulation of zymogen activation 

The regulation of serine proteinase activity represents perhaps 
the most prominent example of zymogen conversion that has been 
exploited for  a wide range of biological processes. In several ex- 
amples, the zymogen forms of the serine proteinases have signif- 
icant catalytic activity that can be further enhanced by interactions 
with nonproteolytic cofactors under physiological conditions. One 
example  is the tissue-type plasminogen activator (t-PA), a multi- 
domain protein that contains a chymotrypsin-like proteinase mod- 
ule. The zymogen is converted to a two-chain (active) form by 
limited proteolysis at an Arg-Leu peptide bond that corresponds to 
the Arg15-Ile16 bond of chymotrypsinogen. However, unlike most 
serine proteinase zymogens, single-chain t-PA has significant ( 1  0- 
20%) catalytic activity relative to the two-chain form (Madison 
et al., 1993). The catalytic activity can be further stimulated upon 
interactions with fibrin via its finger  domains  at the sites of tissue 
injury (Lamba et al., 1996). The X-ray structure of the single chain 
(zymogen) form of t-PA has revealed that a salt-bridge interaction 
between Asp194 and Lys156 (chymotrypsin numbering) contrib- 
utes to the “active-like” conformation (Renatus  et al., 1997).  This 
structural property of  t-PA is reminiscent of the molecular basis for 
the activity observed in a-lytic protease. Although many serine 
proteinases have the equivalent Lys156, additional structural de- 
terminants have been identified in t-PA that shield solvent from the 
Lys residue and confer the propensity for salt-bridge formation 
with Asp194 (Bode & Renatus, 1997; Renatus et al., 1997). 

Another notable exception to the general principles of zymogen 
conversion is the activation pathway of the seriile proteinase, com- 
plement factor D. The  active form of this chymotrypsin-like en- 
zyme cleaves  another serine proteinase, factor B, thereby triggering 
the alternative pathway of the complement system (Muller-Eberhard, 
1988). Unlike the chymotrypsin-like enzymes, the N-terminal ac- 
tivation peptide of pro-factor D  is cleaved and removed within the 
secretory pathway of the adipocytes that synthesize and secrete the 
enzyme into the blood (Steiner et al., 1992; White et al., 1992; 
Yamauchi et al., 1994). However, this circulating form of factor D 
is inactive (Yamauchi et al., 1994), and biochemical studies in 
vitro have shown that mature factor D alone is a poor catalyst of 
the hydrolysis of peptide thioester substrates (Kam et al., 1987; 
Kim et  al., 1994). X-ray crystallographic studies of factor D have 
attributed the observed kinetic properties to a distorted catalytic 

triad and an unusual conformation for the loop 214-220 that re- 
sults in a narrow substrate binding cleft  (Narayana  et al., 1994). 
Factor D is activated upon Mg*+-dependent association with fac- 
tor B, its only known substrate, together with the major fragment 
of C3 cleavage (C3b). The formation of the resulting complex, 
Mg2+-factor D-C3b, is predicted to induce conformational changes 
at the active site of factor D, leading to a realignment of the 
catalytic triad and acquisition of proteolytic activity (Narayana 
et  al.,  1994; Volanalas & Narayana, 1996). In summary, the low 
intrinsic activity of factor D, its limited substrate specificity, and 
its requirement for cofactors prevent inappropriate proteolysis in 
the circulatory system. 

In general, limited proteolysis results in the irreversible conver- 
sion of zymogens to active enzymes. In response to unchecked 
proteolytic activity, nature has developed an elaborate system of 
“protein-proteinase” inhibitors to turn the enzymes “off.” For 
the serine proteinases, the two  families of these inhibitors are the 
substrate-like  canonical  inhibitors  (Laskowski & Kato, 1980; 
Bode & Huber, 1992) and the “serine proteinase inhibitors” (ser- 
pins; Potempa et al., 1994; Wright, 1996). Examples of serpins 
include a,-antitrypsin (the archetypal member), CI-inhibitor (which 
attenuates the complement cascade), antithrombin, and the “plas- 
minogen activator inhibitor I ”  (PAI-I) that inhibits both the single- 
chain  and two-chain forms of  t-PA. The critical balance of proteolytic 
activity and inhibitor is demonstrated by the link between natural 
variants of serpins and diseases such as emphysema (a,-antitrypsin), 
thromboembolic  disease  (antithrombin),  and hereditary angio- 
edema  (CI-inhibitor; Stein & Carrell, 1995). 

Human protective  protein 

The human protective protein (HPP, cathepsin A; EC 3.4.16.5) 
is  a serine carboxypeptidase that is related in sequence and struc- 
ture to the wheat and yeast serine carboxypeptidases (Liao  et al., 
1992; Endrizzi et al., 1994). The zymogen form of the protein 
associates with /3-galactosidase and neuraminidase as a multi- 
enzyme complex in lysosomes, “protecting” these glycosidases 
from degradation (d’Azzo et al., 1982).  The physiological func- 
tion  of the mature enzyme is unclear; however, a role in the 
deactivation of bioactive peptides such as endothelin I has been 
suggested (Jackman et al., 1992). The  enzyme  is synthesized as  a 
452-residue zymogen (pro-HPP) with an internal activation seg- 
ment (residues Met285-Arg298; Fig. 1C). The  catalytic triad 
(Serl50, His429, and Asp372) is preformed in the zymogen and 
does not undergo substantial changes during conversion, as ob- 
served in the chymotrypsinogen counterpart. However, unlike chy- 
motrypsinogen, the structure of pro-HPP has revealed that both the 
oxyanion hole and the substrate binding cleft are also fully formed 
(Rudenko  et al., 1995).  The zymogen is inactive because substrates 
are unable to gain access to the catalytic  cleft  (Fig. ID). Conver- 
sion to the active enzyme takes place in lysosomes and involves a 
trypsin-like cleavage and removal of the activation segment (Met285 
to Arg298) to form the mature enzyme. The N- and C-terminal 
fragments of the mature enzyme remain attached to each other 
by disufide bonds between Cys253-Cys303 and Cys60-Cys334 
(Bonten  et al., 1995). Remarkably, the activation peptide itself 
does not block the active site, but probably influences the position 
and conformation of an adjoining region that resides in the active 
site cleft  (Fig.  ID).  These observations suggest that conforma- 
tional changes within the mature segment of the zymogen must 
accompany the conversion process (Rudenko  et  al.,  1995). 
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The  overall structure of pro-HPP is organized into  two  domains, 
a “cap” domain  and a “core” domain (Fig. lC), that are typical of 
the family of a//? hydrolases (Ollis et al., 1992). The “cap” domain 
(residues 182-302) contains a helical region (Hal-Ha3, residues 
182-253) and a “maturation” region consisting of a three-stranded 
mixed P-sheet (MPl-MP3, residues 254-302). The remainder of 
the zymogen is  the core domain that forms the scaffold for the 
active site and contributes the catalytic residues Serl50, His429, 
and Asp372. The core domain contains a central 10-stranded P-sheet 
that is flanked on both sides by a total of 10 a-helices.  The zy- 
mogen is inactive because the preformed active site in the core 
domain is blocked by residues from a loop (Asn275-Phe277) that 
follows MP2 in the maturation region. These residues form hy- 
drophobic interactions with the core domain, and in particular, 
Asn275 establishes contacts with a part of the S1 binding pocket 
(Fig. ID). 

The in vivo activation process in the lysosomes can be mimicked 
in vitro by trypsin cleavages after residues Arg284 and Arg298 
(Bonten et al., 1995). The activation peptide is located on an 
exposed loop that is adjacent to the inhibitory interactions between 
the cap  and the core domains. The structure of the zymogen indi- 
cates that cleavage and removal of the activation peptide would not 
directly result in an accessible active site (Rudenko  et  al., 1995). 
A model has been proposed for the pH-dependent conversion pro- 
cess that involves the disruption of several salt bridges within the 
maturation region (Arg262 to Asp300, Glu264 to Arg298). These 
disruptions would likely cause local conformational changes in the 
region of the mixed P-sheet, thus enabling limited proteolysis and 
removal of the peptide Met285-Arg298. Subsequently, a confor- 
mational change in the flanking maturation region (residues 254- 
284, 299-302) is proposed to allow accessibility of substrates to 
the active site (Rudenko et al., 1995). The detailed changes in 
conformation leading to mature HPP are unknown and await struc- 
tural studies of the active enzyme.  The residues that form the salt 
bridge interactions are also conserved in mouse and chicken pro- 
tective proteins, suggesting a common conversion pathway (Gal- 
jart et al., 1991). However, this pH-dependent trigger model requires 
further biochemical verification, such as a detailed pH-dependent 
analysis of the conversion process (Rudenko  et al., 1995). 

2. Aspartic  proteinases and their zvmogens 

Aspartic proteinases (EC 3.4.23.-) are found in viruses, fungi, 
yeast, plants, and mammals. The common feature of these  en- 
zymes  is an active site cleft that contains two catalytic aspartate 
residues (reviewed by Davies, 1990). Some of the biological func- 
tions of aspartic proteinases include: (1) site-specific proteolysis of 
the retroviral precursor polyprotein to the structural, regulatory, 
and enzymatic proteins that are necessary for replication of the 
virion (e.g., HIV-1 protease (Wlodawer & Erickson, 1993)); (2) a 
role in tissue invasion and virulence for fungal pathogens of hu- 
mans (Cutfield et al., 1995); (3)  cleavage of hemoglobin in the 
digestive vacuoles of the malarial parasite (plasmepsins  (Francis 
et al., 1997)); (4) regulation of blood pressure (renin (Sielecki 
et al., 1989)); and (5) digestion of dietary proteins in the low pH 
environment of the stomach in mammals. The  aspartic proteinases 
have a long history in the field of human cuisine. Chymosin has 
been the active ingredient in cheese-making for thousands of years, 
and aspartic proteinases are  also used for the production of soya 
sauce, a practice that apparently originated during the Zhou dy- 
nasty (Hofmann, 1989; Davies, 1990). 

The overall fold of the aspartic proteinases has been conserved 
in all organisms despite significant divergence of their primary 
sequences (Blundell & Johnson, 1993). The structure consists of 
two @-barrel domains that are connected by a central P-sheet 
(Fig. 2A-C). The viral aspartic proteinases have evolved as a 
compact single P-barrel domain that dimerizes to form the active 
enzyme  (Miller  et al., 1989; Navia et  al., 1989), consistent with the 
prediction that cellular aspartic proteinases have emerged by gene 
duplication of a single domain (Tang et al., 1978). The active site 
is composed of two aspartate residues (Asp32 and Asp215 in pep- 
sin; Asp32  and Asp217 in gastricsin) that are located on a pair of 
similarly-folded loops which reside in a prominent cleft between 
the domains. A water molecule is hydrogen-bonded to the two 
active site Asp residues at the base of an extended hydrophobic 
groove that is formed by the juxtaposition of the two domains. 
During catalysis, the water is de-protonated and subsequently at- 
tacks the carbonyl carbon of the scissile bond of substrates to form 
a tetrahedral intermediate (Davies, 1990; James  et al., 1992). Un- 
like the serine proteinases, the catalytic Asp residues do not form 
a covalent complex with their substrates. 

Whereas the structures of the active enzymes are known from 
many organisms, the only zymogen structures that have been de- 
termined are from mammalian sources. These zymogens are por- 
cine pepsinogen (pPGN), human pepsinogen A (hPGA), and human 
progastricsin (hPGC; Fig. 2A), which are components of the gas- 
tric juices of the respective species (James & Sielecki, 1986; Moore 
et al., 1995; Bateman et al., 1998). The sequence identities are 
about 50% between the mature forms of these enzymes, pepsin and 
gastricsin. Finally, the structure of an intermediate form of human 
gastricsin has been solved by X-ray crystallography (Fig. 2B), thus 
providing molecular details of various stages in the activation path- 
way (Khan et al., 1997). 

The zymogen forms of gastric proteinases contain a positively- 
charged N-terminal prosegment that wraps around the central por- 
tion of the enzyme,  forming  salt-bridge  interactions with the 
negatively charged mature segment (Fig. 2A). The prosegments of 
the gastric zymogens vary between 43 to 47 residues in length and 
are related in both sequence and structure (Fig. 2D). The proseg- 
ment is not an independently folding unit, and once removed, the 
peptide is autocatalytically degraded by the active enzyme. In the 
structure of human progastricsin, a Lys residue (Lys37p in hPGC; 
“p” suffix denotes the prosegment) forms hydrogen-bonded salt 
bridges to the active site Asp residues (Asp32, Asp217). These 
interactions position the prosegment region Pro34p to Arg39p (a 
310-helix) in front of the preformed active site, thereby preventing 
the approach of substrates. The conversion process is initiated by 
disruption of these salt bridges at low pH and subsequent limited 
proteolysis of the prosegment. No other accessory molecules are 
required for conversion. 

Comparisons of the structures of the zymogens (pepsinogen 
and progastricsin) and their active counterparts have revealed 
that upon proteolytic removal of the prosegment, the N-terminus 
(Serl to MetlO in gastricsin) of the mature segment undergoes a 
major conformational rearrangement. In the zymogen, this re- 
gion consists of a loop and 3,,, helix that protrudes into the 
active site cleft. However, in the mature enzyme, residues Serl- 
MetlO swing around to the back of the molecule, forming the 
first strand of the six-stranded P-sheet  (Fig.  2C). In the zymo- 
gen, prosegment residues Alalp  to LyslOp comprise the equiv- 
alent P-strand  (Fig. 2A), but the prosegment is removed during 
the conversion process. 
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Biochemical and structural  studies 
of activation  intetmediutes 

lution  to  neutrality.  It is predicted  that  the  helical  regions  of  the 
prosegment  become  unraveled  in  intermediate 1, thus  resulting  in 
altered  migration  of the  protein  upon  gel  electrophoresis  under 
nondenaturing  conditions. 

The  first  hydrolytic  event  during  activation of hPGC is the uni- 
molecular  cleavage  of  the  peptide  bond  between  phe26p  and  L.eu27p 
(Foltmann & Jensen,  1982).  Subsequently,  intermolecular  cleav- 
age at  the  pro-mature  junction  (Leu43 to Serl) results in a  transient 
intermediate  (intermediate  2, or hGSi)  in  which  residues Alalp to 
Phe26p are noncovalently  associated  with  the  mature  enzyme (Serl 
to Ala329),  while  the  remainder of the  prosegment  (L.eu27p to 
Leu43p) is removed  (Foltmann & Jensen,  1982). The intermediate 
complex  can  be  stabilized  by  transferring  the  contents  of  the  re- 
action  vessel to neutral  pH,  thereby  preventing  further  activation 
events  and  inhibiting  proteolytic  activity. 

The activation  process of the  aspartic  proteinases has been  ex- 
tensively  studied  using  biochemical  and  biophysical  techniques. 
Kinetic  studies by  Roger Hemott in  the late 1930s  showed  that  the 
conversion  of  pepsinogen into  pepsin  at  low  pH is an autocatalytic 
reaction  that  involves  the  formation  of  intermediates  (Herriott, 
1939).  Further  studies  using  spectroscopic  techniques  in  the  1970s 
established  that  conformational  changes  take  place  during  conver- 
sion.  Upon  initial  exposure of the zymogen to acid,  a  conforma- 
tional  changes  occurs  without  proteolytic  cleavage  in  the 5 ms to 
2 s timescale  (Auer & Glick,  1984). This intermediate  of hPGC has 
been  termed  intermediate 1 (Foltmann & Jensen,  1982),  and  the 
transition  can be reversed  by  rapidly  returning  the  pH  of  the so- 
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Fig. 2. Figure  continues on facing  page. 
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Fig. 2. Activation  pathway for the  gastric  aspartic  proteinases. The conversion  process  can be followed by noting  the  gradual loss of 
the  green  prosegment  from  Figures 2A-C. A: Rbbon model  of  human  progastricsin (PDB code lhtr). The prosegment, lp-43p, is 
green;  the  mature  segment (gastricsin) is blue. The regions  within  the  mature  segment  that  undergo  conformational  changes  (residues 
1-10, 71-81,  124-135) are emphasized in pink.  The  pro-mature junction is  marked  with  the  dashed  tine.  A site of intramolecular 
cleavage within  the  helical  region of the  prosegment (helix 2p) is indicated.  Active site residues  Asp32  and  Asp217 are red.  Lys37p 
(green),  located  within  helix  3p,  forms  salt  bridges  with  the  active site aspartates  (dashed  lines). 519 hydrogen  bonds  with  Asp32  and 
resides in the  approximate SI binding  pocket. The side chains of Argl4p and  Asp11 form a  salt  bridge,  further  stabilizing  the 
prosegment and its  association  with  the  mature  segment. B: Structure  of  activation  “intermediate 2” (PDB code lavf), the noncovalent 
complex  of  a  prosegment  peptide  (Alalp-Phe26p)  with  the  mature  enzyme.  The color scheme  is  identical  to Figure 2A.  The  remaining 
prosegment interacts in a  similar  fashion  to  the  equivalent  region  in  the  zymogen.  However,  the  N-terminus  of  mature  gastricsin has 
moved  by about 30 8, from its position in the  zymogen, as indicated by residue  2  (valine).  A  water  molecule  (sphere) now resides 
between  the catalytic aspartate  residues.  However,  remains  hydrogen  bonded  to  Asp32,  partially  obstructing  the SI binding  site. 
The next  stage  in  conversion is the dissociation of the prosegment  peptide  and its replacement by  the  N-terminus of mature  gastricsin 
(mow). C: Structure of active human  pepsin (PDB code Ipso). The  prosegment  peptide has dissociated,  permitting  the  mature 
N-terminus  to  occupy  the first p-strand in the  six-stranded p-sheet at  the  back of the  enzyme. The active site is fully  uncovered, as 
evidenced by the position  and  orientation  of 519. The  equivalent  Asp217  of  gastricsin is numbered  Asp215  in  pepsin. The structure 
of mature  gastricsin  has  not  been  determined,  but  is expected to  closely  resemble  that  of  pepsin. D Sequence  alignment  of  the 
prosegments of mammalian gastric aspartic  proteinases.  Conserved  residues  are  highlighted  in  bold. Human progastricsin  numbering 
is given  at the bottom of the  figure.  The  prosegments are predicted  to have a  similar  organization  of  secondary structure elements,  based 
upon  the crystal structures of  human progastricsin (Moore et al., 1995)  and  porcine  pepsinogen  (James & Sielecki, 1986).  The  helical 
regions are predicted  to  uncoil  during  the  initial events of  the  conversion  process.  Aside from the  pro-mature junction, the internal sites 
of cleavage for human  progastricsin (top; Phe26p-Leu27p)  and  porcine  pepsinogen  (bottom; Leul6p-Ilel7p) are indicated  within  the 
helical  region  of  the  prosegment.  Sequences are: hFGC,  human  progastricsin  (Hayano et al.,  1988;  Taggari et al., 1989);  monC,  monkey 
progastricsin  (Kageyama & Takahashi,  1986a);  ratC,  rat  progastricsin (Ichihara et al.,  1986);  guiC,  guinea  pig  progastricsin  (Kageyama 
et al.,  1992);  hPGA,  human  pepsinogen  (Sogawa et al., 1983);  monA,  monkey  pepsinogen  (Kageyama BC Takahashi,  1986b);  chiA, 
chicken pepsinogen (Baudys & Kostka,  1983);  pPGN,  porcine  pepsinogen (Foltmann, 1988). E Schematic  representation  of  the 
activation  pathway.  The  view has been  rotated from Figure 2A-C  so that the N- and  C-terminal  lobes  are on the left and  right, 
respectively. The known structures are the  zymogen, “intermediate 2,” and  the mature enzyme. In step 1, the drop in pH causes the 
three helices  of  the  prosegment  to  uncoil,  exposing  the  active .site and  initiating  the  autocatalytic  conversion  process. The first two 
autolytic cleavages take place at Phe26p-Leu27p  and LeuQpSerl to  form  “intermediate 2,” the  noncovalent  complex of the 
prosegment  peptide (lp-26p) and mature  gastricsin. In the final stage,  resides Serl to Met10 (N-TERM) pivot  around  to  the  “backside” 
of  the  enzyme  and  replace  the  prosegment  p-strand  that  dissociates from mature  gastricsin. 
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The structure of intermediate 2 reveals that the prosegment no 
longer obstructs the active site, as  it  does in the zymogen (Khan 
et al., 1997; Fig. 2B). Strikingly, a water molecule now resides 
between the catalytic Asp residues, characteristic of a mature ac- 
tive site with the nucleophilic water poised for catalysis. The 
N-terminal part of the prosegment (Alalp  to  Gly2lp) is in the 
same position and conformation as was observed in the zymogen. 
This region contains the p-strand (Val3p to Lys7p) and a helical 
region (Ilel3p  to Lys2Op) that interacts via hydrogen bonds, hy- 
drophobic interactions and salt bridges with the mature portion of 
the enzyme. Residues Leu22p to Phe26p are not visible in the 
electron density and are presumably disordered. The newly formed 
N-terminus of mature gastricsin (Serl  to Ala8) has rotated away 
from the active site but has not taken its final position as part of the 
p-sheet at the back of the enzyme. This  is because the prosegment 
p-strand presumably remains fixed during the first two cleavages, 
preventing the rearrangement until the latter stages of conversion. 
Consequently, residues Met7 to Asp1 1 are positioned adjacent to 
the active site in the Sl-S3 binding pocket and interfere with 
substrate binding, thus rendering “intermediate 2” inactive. 

Activation mechanism 

Based upon the biochemical and structural data, a mechanism 
for acid activation of gastric aspartic proteinases has been pro- 
posed (Fig.  2E). Exposure of the zymogen to low pH results in 
protonation of the carboxylate side chains of Asp and Glu residues 
(Glick et al., 1989), thus destabilizing several salt-bridge inter- 
actions between the prosegment and the mature segment. The  in- 
hibitory salt bridges between Lys37p and the catalytic aspartate 
residues are disrupted, leading to conformational changes that un- 
cover the active site. Lys37p is located on  a well-ordered 310-helix 
in the zymogen (Pro34p to Arg39p), but the flanking regions (res- 
idues Thr29p to Asp33p and Phe40p to Leu43p) are highly mobile 
and have few interactions with the mature enzyme (Moore  et al., 
1995). These observations suggest that the disruption of salt bridges 
between Lys37p and the catalytic dyad, Asp32/Asp217, will de- 
stabilize the entire C-terminal region of the prosegment. In contrast 
to this 3 ,,-helix in hPGC, the prosegment P-strand (Val3p to Lys8p) 
is tethered to the mature enzyme by hydrogen bonds and hydro- 
phobic interactions that are pH independent and would be rela- 
tively unaffected upon initial exposure of the zymogen to an acidic 
medium. While the prosegment p-strand remains fixed in the zy- 
mogen, the helical regions in the prosegment uncoil. All of these 
helical regions are structurally conserved in the known structures 
of zymogens (Fig. 2D). Disruption of the helical structure results 
in the uncovering of the preformed active site. Autocatalytic cleav- 
ages (both intra- and intermolecular) take place within the helical 
region and the pro-mature junction, resulting in removal of the 
C-terminal part of the prosegment (Leu27p to Leu43p). The final 
stages of the conversion process involve a dissociation of the pro- 
segment p-strand and its replacement by the N-terminus of mature 
gastricsin (Fig. 2C). 

The sites of internal cleavages in the prosegments and the ki- 
netics of activation are variable among the gastric aspartic pro- 
teinases. The  differences  are partly explained by the positions of 
the cut sites that are recognized by the S1-SI ’ specificity pocket, 
which is ideally a pair of bulky hydrophobic amino acids (Dunn, 
1997; Fig. 2D). However, given their sequence and structural sim- 
ilarities, the prosegments appear to share the common features of 
an acid-labile C-terminal helical region that rapidly clears the ac- 

tive site to confer catalytic activity to precursors of the mature 
enzyme. The prosegment also contains a more stable N-terminal 
region composed of a  P-strand that likely dissociates as the final 
step in the conversion process, permitting refolding of the N-terminus 
of the mature enzyme. 

The biological implications of the conversion mechanism are 
not evident, but deserve some speculation. The structural charac- 
teristics of the zymogen ensure stability and inactivity following 
synthesis at neutral pH within the cell and subsequent transport to 
the stomach via digestive vacuoles. However, the activation path- 
way is able to be triggered in the stomach by the disruption of 
acid-labile salt bridges within the prosegment. Subsequent hydro- 
lysis of the prosegment and its replacement by the N-terminus of 
the mature segment are likely to ensure that activation is irrevers- 
ible, thus preventing the released prosegment peptides from acting 
as competitive inhibitors of the active enzyme. 

3. Cysteine proteinases and their zymogens 

Cysteine proteinases are present in both prokaryotic and eukary- 
otic organisms. These  enzymes contains a Cys-His pair at the 
active site that is analogous to the Ser-His dyad in the serine 
proteinases. The catalytic mechanism involves nucleophilic attack 
on the scissile bond by the thiolate form of the Cys  side chain 
(reviewed by Storer & Menard, 1994), thereby forming a cova- 
lently attached tetrahedral intermediate, as observed for the serine 
proteinases. The largest group of cysteine proteinases, as identified 
by sequence similarities, is the papain superfamily (EC 3.4.22; 
Berti & Storer, 1995) for which many crystal structures have been 
determined. The active enzymes of this superfamily share a com- 
mon fold consisting of two domains: an N-terminal, mainly helical 
domain, and a C-terminal, predominantly p-sheet domain (Baker 
& Drenth, 1987). The catalytic Cys25 and His163 are contributed 
by the N- and C-terminal domains, respectively, and are located at 
the junction of the two domains, where a substrate binding cleft is 
formed (Fig.  3A,B). In mammals, the papain-like enzymes are 
components of the protein degradation machinery in lysosomes 
(Kirschke & Barrett, 1987). 

The cathepsins B and L (catB, catL)  are papain-like enzymes 
that are synthesized as zymogens (procatB, procatl) containing 
N-terminal inhibitory prosegments. Whereas the mature enzymes 
have about 25% sequence identity, the prosegments have limited 
sequence similarities between the B and L families. The proseg- 
ments range in length from 60 residues in procatB to about 100 in 
procatl. Aside from inhibiting the enzymatic activity, the proseg- 
ments play a role in the folding and stability of the enzyme during 
synthesis and transport at neutral pH (Tao et al., 1994). A region of 
the prosegment forms the recognition site  for modification with 
mannose-6-phosphate that is necessary for subsequent targeting of 
the zymogen to lysosomes (McIntyre  et al., 1994). In contrast to 
the aspartic proteinases, the intact prosegments of the cysteine 
proteinase zymogens are potent and specific inhibitors of the ma- 
ture enzymes (Carmona et al., 1996). 

Structures of inhibitory prosegments 

The structures of human procatL and rat procatB/L have been 
determined by X-ray crystallography (Coulombe et al., 1996; Cy- 
gler et al., 1996; Turk et al., 1996; Fig. 3A,B). The structure of 
procaricain from Carica papaya, a papain-like cysteine proteinase, 
has also been determined and is structurally similar to the pro- 
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Fig. 3. Structures of cysteine  proteinases  and their zymogens. A: C, 
superposition  of  rat  procatB (PDB code lmir) in  green  vectors  and  the 
corresponding active enzyme (PDB code lcpj) in  blue. The prosegment 
is emphasized  with  the  thick  green  vectors.  The  RMSD for 1,008  com- 
mon backbone  atoms  is  1.4 A. The side chains of  the  catalytic  residues 
(Ser29,  His199,  Asn219) are shown  in red. The side chain  of  Trp24p 
interacts with  the  protein  binding  loop (PBL; residues 176-194)  of the 
mature  segment. The locations of the occluding  loop  (108-122)  and  the 
premature junction are. indicated. B: Ribbon  representation of  human 
procatL. (PDB code lcjl). The prosegment  (residues 5p-96p) is green, 
while  the  mature  segment  (residues 1-220) is  grey. The prosegment has 
an extension of a2p that leads to  an additional helix (alp) at  the 
N-terminus,  relative  to  procatB. The side chains of the active site resi- 
dues, Ser25 (WT = Cys25).  His163,  and A d 8 7  are red.  The side chain 
of  Asn76p,  adjacent  to  the  active  site, is colored  purple. The location  of 
the  pro-mature  junction is indicated.  The side chain of Phe56p,  which 
interacts  with  the PBL of the  mature  segment, is also shown. C: Close-up 
of the  prosegment  helical  region  of  human  procatL in the  identical ori- 
entation  with  respect  to (B). Salt bridges  within the prosegment are 
shown  as  dashed  lines.  The cluster of aromatic  residues  that  stabilize  the 
globular  portion  of  the  prosegment are blue. There are no coordinates for 
the stNcture of  the  loop  containing  residues  175-177. 

cathepsins  (Groves et al.,  1996).  Recombinant  human  procatL  was The  96-residue  prosegment of human  procatL has an  N-terminal 
mutated  at the active site cysteine  (Cys25 -+ Ser) in  order  to globular  domain (lp to  75p)  that  contains  three a-helices (alp- 
prevent  autocatalytic  conversion of the  zymogen  to the mature a3p) and  their  connecting  loops  (Fig. 3B). This domain is followed 
enzyme,  thereby  facilitating  crystallization.  Several other muta- by a  segment  with  an  extended  structure (76p to 96p) that  passes 
tions  relative to the wild-type  enzyme  were also introduced into across the substrate  binding  cleft.  The  direction of the polypeptide 
the  molecule,  including  a Thrl 10 +Ala substitution  that  abolished across the  binding  cleft is in the  reverse  orientation (N + C-terminal) 
a  site of 0-linked glycosylation  (Coulombe et al.,  1996). with  respect to substrates  that are cleaved.  The  globular  domain is 
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stabilized by extensive interactions among the a-helices that in- 
clude several salt bridges and a remarkable hydrophobic core com- 
posed of interdigitating aromatic residues (Trpl2p, TrplSp, Trp35p, 
Hisl9p, Tyr23p; Fig. 3C) and a pair of interacting methionine 
residues (Met39p and Met60p). 

Interactions between the prosegment and the mature enzyme are 
grouped together in two distinct regions. The first set of inter- 
actions are between the a2p-a3p loop and the “prosegment bind- 
ing loop” (PBL) of the mature enzyme (residues His140 toAsp155). 
Within this interface, a short two-stranded anti-parallel @-sheet is 
formed (Phe56p to Met60p and Phe147 to Ile150). A cluster of 
aromatic residues are contributed from the @-sheet (Phe56p, Tyr146, 
Tyr151) and extend toward the  active  site via the side  chains of 
Phe63p and Phe7lp,  as well as several aromatic residues in the 
mature segment. The second group of interactions take place be- 
tween the C-terminal region of the prosegment (Va174p to Gln79p) 
and the substrate binding cleft. By analogy to papain, the SI to S3 
subsites are occupied by the C-terminal residues Gly77p to Gln79p, 
in the opposite orientation that would be expected for a genuine 
substrate. Gly77p brings the prosegment deep inside the catalytic 
cleft, such that part of the oxyanion hole (the amide proton of 
Ser25) forms a hydrogen bond to Asn76p(O). The S‘ side of the 
substrate-binding cleft is occupied by residues from the end of 
a3p, including Phe7 Ip, Met75p, and Asn76p. 

The folds of the prosegments of procathepsins B and L are 
similar, despite  a  30-residue  deletion from the N-terminus of 
procatB (Fig. 3A.B). The prosegment of procatB is missing a l p  
and the N-terminal portion of a2p. In addition, the orientations of 
helices a2p and a3p are different as a consequence of the “oc- 
cluding loop” (residues 108-1 22; Fig. 3A) that is found only in the 
cathepsin B family. This  loop imparts the ability to cleave di- 
peptide units from the C-terminus of substrates (Kirschke & 
Barrett, 1987), possibly as a result of stabilizing interactions 
between the occluding loop and the negative charge at the P2‘ 
carboxylate of the substrate (Cygler  et al., 1996). Aside from these 
differences, the overall mode of inhibition by the prosegments of 
procatB and procatL is preserved, suggesting a common structural 
motif for all papain-like zymogens. The common features are the 
interactions between the PBL and the prosegment, including a 
conserved aromatic residue in the prosegment (Phe56p in procatl, 
Trp24p in procatB) that mediates prosegment-PBL contacts within 
this interface. In addition, both zymogens have a Gly residue 
(Gly77p, Gly43p) that is nearest to the catalytic Cys residue. The 
small size of this residue allows the C-terminal regions of the 
prosegment to push deep into the catalytic cleft and interact closely 
with the substrate binding sites via hydrogen bonds and hydropho- 
bic interactions. 

Activation  mechanisms 

The  zymogens  are targeted to the low-pH environment of the 
lysosomes where they are converted to the active enzymes by 
limited proteolysis and removal of the prosegment by an autocat- 
alytic mechanism. This property of the conversion mechanism is 
shared by the aspartic proteinase zymogens. Biochemical and ki- 
netic studies of the activation process of the related zymogen, 
propapain, have shown that the optimal pH for activation is 3.3, 
and that the initial cleavage reaction is intramolecular (Vernet 
et al., 1991). Based upon alignments of procathepsin L sequences, 
the pH  dependence of the conversion process may be regulated by 
the conserved salt bridges between Asp65p and Arg2lp, as well as 

between Glu7Op and Arg3lp within the prosegment. Mutagenesis 
studies have also confirmed the essential role of the equivalent 
Asp65p residue of papain in folding of the prosegment (Vernet 
et al., 1995). 

Disruption of the salt bridges by protonation of the carboxylate 
groups at the lower  pH could conceivably trigger the disruption of 
the hydrophobic core of the prosegment, leading to dissociation of 
the prosegment from the active site, and thereby initiating the 
process of autocatalytic conversion. The pro-mature junction re- 
sides on an exposed loop that would be accessible to proteolytic 
cleavage. The segment preceding Asp65p of the prosegment is a 
four-residue motif (G/A-X-N-X-F-X-D“p) that is conserved in the 
prosegments of many papain-like zymogens. Mutations within this 
region of propapain are observed to alter  the pH dependence of the 
intramolecular cleavage reaction (Vernet et al., 1995). For exam- 
ple, the mutant Phe63p + His, which is predicted to confer a more 
positively charged character to this region, increases the pH opti- 
mum for the activation process to 4.3. However, these several salt 
bridges are not conserved in procatB, suggesting that alternative 
salt-bridge  interactions are responsible for initiating the pH- 
dependent conversion in that zymogen (Coulombe et al., 1996). 

The structure of rat procatB has been compared directly to the 
structure of mature rat cathepsin B, which was also determined by 
X-ray crystallography (Jia  et al., 1995). The mature segments in 
both structures are virually identical (Fig.  3A).  The active site 
machinery, including the oxyanion hole, is preformed and does not 
undergo conformational changes upon conversion of the zymogen. 
The only differences are found at the occluding loop, between 
residues 105 to 125. In the zymogen, a part of the prosegment 
(between p l p  and a2p) is wedged into a crevice that is formed 
between the occluding loop and the PBL. However, with the de- 
parture of the prosegment in the mature enzyme, the occluding 
loop undergoes conformational changes that result in displace- 
ments of atoms by up to 14 ,&. The loop shifts toward the active 
site with a disulfide bridge (CyslO8-Cys119) acting as a pivot and 
is now positioned to interact with substrates. In contrast, human 
procatL and other papain-like cysteine proteinases do not generally 
have occluding loops. Therefore, the mature segment of procatL is 
not expected to undergo any significant conformational changes 
during conversion (Cygler et al., 1996). 

The prosegments of cysteine proteinase zymogens may have 
functions beyond the inhibition of the enzyme. A nine-residue, 
positively charged region of the prosegment of mouse procatL 
mediates interactions of the zymogen with membranes at pH 5 
(McIntyre et al., 1994). This region of the prosegment also has 
similarities with yeast vacuolar targeting sequences  (Klionsky 
et al.,  1988; Valls et al., 1990).  The equivalent region of human 
procatL is localized to the loop connecting a l p  and a2p  (Lysl6p 
to Gly24p). In addition, polyanions such as dextran sulfate accel- 
erate the rate of conversion of procatL to the  active  enzyme in vitro 
(Mason & Massey, 1992). These observations suggest that mem- 
brane interactions, mediated by the prosegment, may  be important 
during lysosomal targeting and activation of procathepsin L. 

4. Zinc  metalloproteinases  and  their  zymogens 

The Zn’+-carboxypeptidase family (EC 3.4.17:) contains a ZnZf 
ion at the active center of the enzyme that is directly involved in 
the catalytic mechanism. These  enzymes  cleave peptide bonds at 
the C-termini of polypeptide substrates. The pancreatic carboxy- 
peptidases are  digestive  enzymes that degrade proteins in the 
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alimentary tract of mammals (Puigserver  et al., 1986). The three- 
dimensional structures of the pancreatic enzymes have been de- 
termined by Lipscomb and co-workers (Quiocho & Lipscomb, 
1971; Rees  et al., 1983; Christianson & Lipscomb, 1989). The 
structure of carboxypeptidase A consists of a central twisted parallel/ 
anti-parallel (mixed)  P-sheet, composed of eight strands, that is 
flanked on both sides by a-helices (Fig. 4A,B). The active site 
cleft is formed in a shallow groove on  one  side  and  is bounded by 
a strand of the P-sheet, two a-helices and a loop that partially 
covers the cleft. The Zn2+ ion  is coordinated by three protein 
residues (His69, His196, Glu72) that are contributed by turns and 
loops which connect the secondary structures. The mechanism of 
peptide hydrolysis involves the activation of a water molecule by 
Glu270 (procarboxypeptidase A numbering) and subsequent nu- 
cleophilic attack of the scissile bond by the hydroxide (Matthews, 
1988; Hanson et al., 1989). Positively charged residues, including 
the Zn2+ ion itself, assist the hydrolytic reaction by neutraliz- 
ing the developing negative charge of the tetrahedral interme- 
diate, analogous to the oxyanion hole of the serine and cysteine 
proteinases. 

Structures of pancreatic zymogens 

The first structures of the Zn2+-carboxypeptidase zymogens, 
porcine pancreatic procarboxypeptidases A and B (pro-CPA and 
pro-CPB), were determined by Huber and colleagues using X-ray 
crystallography (Coll et al., 1991; Guasch et al., 1992; Fig. 4A,B). 
The mature enzymes CPA and CPB are distinguished by their 
substrate preferences, with CPA cleaving aliphatic residues and 
CPB cleaving basic residues at the P1’ position (Folk, 1956; Neurath, 
1959). The zymogens are synthesized with N-terminal proseg- 
ments of about 95 residues sharing 26% sequence identity. The 
prosegments have identical folds, superimposing with a root-mean- 
square (RMS) deviation of 0.29 A for the conserved secondary 
structure elements (68 C, atoms). The high degree of structural 
similarity is remarkable considering the low sequence identities in 
the prosegment, suggesting a strong selective pressure during evo- 
lution for preserving the mode of inhibition. 

The prosegments consist of a globular domain that contains two 
a-helices stacked against a four-stranded anti-parallel P-sheet, with 
the helical axes approximately parallel to the strands of the sheet 
(Fig.  4A,B). This domain is followed by a connecting segment that 
leads to the mature enzyme.  The overall domain forms a two-layer 
structure with an open-faced @-sheet sandwich antiparallel-a/ 
antiparallel-P topology. One side of the P-sheet faces the mature 
enzyme, while the opposite face packs against the two a-helices. 
The residues within the substrate binding cleft  and the catalytic 
Zn2+ ion of the zymogen are in the same positions and have the 
same conformations as in the mature enzyme. However, the glob- 
ular prosegment blocks the preformed catalytic cleft, thereby pre- 
venting access of substrates to the active site. The most extensive 
shielding occurs  at the S2  to  S4 substrate-binding sites in the 
enzyme from the strands /32p/P3p and their connecting loop. In- 
teractions between the prosegment and the mature enzyme, many 
of them water-mediated, involved residues Asp36p and Trp38p of 
the prosegment (pro-CPA numbering) that are found at the end of 
p2p (Fig. 4C). The residues Asp36p and Trp38p cover subsites S 2  
and S3 and are conserved in zymogens from several species (Aviles 
et al., 1993). 

The third helix of the prosegment (a3p) marks the start of the 
connecting region that links the globular domain to the mature 

enzyme. A second set of interactions involving a3p  (85p-91p) and 
several residues in the mature enzyme portion are observed here. 
These interactions involve hydrogen bonding and hydrophobic con- 
tacts. The prosegment helix a3p is followed by a loop that contains 
the pro-mature junction  (Arg99p-Thrl).  This peptide bond is the 
site of trypsin cleavage during conversion of the zymogen. 

Activation  mechanism 

Comparisons of the porcine zymogens with the structure of the 
mature enzyme from cattle have been discussed previously in a 
review (Aviles et al., 1993). Activation is initiated by trypsin cleav- 
age at the pro-mature junction. However, the kinetics of the acti- 
vation process vary between pro-CPA  and pro-CPB, and are also 
dependent upon environmental conditions such as pH, ionic strength 
and quaternary structures (Vendrell et al., 1990; Burgos et al., 
1991; see Multi-molecular assemblies below). The pro-mature junc- 
tion in pro-CPA (Arg99p-Alal)  is localized to a flexible loop (high 
B-factors) that may facilitate recognition and cleavage by trypsin. 
Cleavage at this loop may destabilize the preceding helix, a3p, 
thus promoting release of the prosegment from its C-terminus 
(Guasch et al., 1992; Aviles et al., 1993). Comparisons between the 
zymogens and mature enzymes show that the mature segment does 
not undergo significant conformational changes during conversion 
(Fig. 4A). 

The prosegment is further degraded by trypsin at internal sites, 
and the newly liberated mature enzyme is also involved in the 
process by degrading the prosegment from the C-termini (Win- 
tersberger et al., 1962; Vendrell et a]., 1990; Burgos et al., 1991). 
The internal cleavages occur at sites that are not accessible in the 
zymogen (pro-CPA, Arg74p-Tyr75p; pro-CPB, Arg83p-Ser84p), 
suggesting that structural changes must take place within the pro- 
segment during conversion. In contrast to pro-CPB, the proseg- 
ment of  pro-CPA is released and degraded more slowly, and its 
ability to inhibit mature CPA may further slow the conversion 
process. The molecular basis for these differences has been attrib- 
uted to stronger interactions between a3p of the prosegment and 
the mature enzyme in pro-CPA (Aviles et al., 1993). 

Pro-stromelysin-1 

Pro-stromelysin-1 (EC 3.4.24.17) is a Zn2+-endopeptidase and 
a member of the family of matrix metalloproteinases (MMPs).  The 
MMPs function at neutral pH and are components of the tissue 
remodeling machinery due to their ability to degrade connective 
tissue. As a consequence of their link to pathological conditions 
such as arthritis and tumor invasion, these enzymes are attractive 
candidates for structure-based drug design (Murphy et ai., 1991; 
Docherty et al., 1992). Pro-stromelysin-1 is synthesized with an 
inhibitory N-terminal prosegment of 82 residues. In addition to the 
catalytic domain, pro-stromelysin-1 also contains a C-terminal do- 
main that is believed to mediate interactions with protein-proteinase 
inhibitors and macromolecular substrates (Becker  et al., 1995). 

The structure of the catalytic domain of human pro-stromelysin 
has been determined by X-ray crystallography to 1.9 A resolution 
(Becker et al., 1995; Fig. 4D). The structure of the mature segment 
of pro-stromelysin-1 bears no sequence or structural resemblance 
to the pancreatic metalloenzymes apart from the presence of a 
catalytic Zn2+ at the active site. The overall fold consists of a 
five-stranded mixed P-sheet composed of one anti-parallel and 
four parallel @-strands, as well as three a-helices stacked against 
one  face of the P-sheet  (Becker et al., 1995). The active site cleft 
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resides on the  opposite  side  in  a  shallow  groove. In addition  to  the (alp to a3p; residues  16p-7Op)  followed  by the mature  segment 
catalytic Znz+ that is coordinated  by three His side  chains  in  the  (residues 1-168;  Fig. 4D). The fist  15 residues in the  prosegment, 
active enzyme,  there is also a structural Zn2+ in the  molecule  (not as well as  the  segment  31p-39p,  are  not  visible in the  electron 
shown).  density.  The C-terminal part of the  prosegment forms a short  p-strand 

The  structure of the prosegment (lp-82p) consists of  an  (73p-76p)  that  interacts  with a  partner  strand  (residues  139-141) 
N-tenninal  globular  domain  that is composed  of three a-helices in  the  substrate-binding  cleft.  In  contrast to the Zn2+-pro- 

A 

B 

C 

Fig. 4. See caption on facing page. 
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carboxypeptidases, the catalytic Zn2+ ion  is directly coordinated 
by a residue from the prosegment in pro-stromelysin- 1. The sulfur 
atom from the  side chain of Cys75p  in the P-strand coordinates the 
Zn2+ ion, stabilizing the interactions in this region as well as 
preventing catalytic activity (Fig. 4D). Strikingly, the direction of 
the prosegment at the active  site  is in the reverse direction (N -+ 
C termini) relative to genuine substrates. This latter feature is 
reminiscent of the cysteine proteinase zymogens. 

Conversion of the zymogen to the active  enzyme involves lim- 
ited proteolysis at an exposed loop that contains the pro-mature 
junction (His82p-Phel), and  cleavage sites within the prosegment 
(Glu68-Va169, helix 3p) have also been identified (Nagase  et al., 
1991; Fig. 4D). Multiple mechanisms are capable of initiating the 
cleavage  events, including other proteolytic enzymes. Heat and 
mercurial agents (e.g., 4-amino-phenylmercuric acetate) are also 
able to trigger the conversion process via an auto-proteolytic path- 
way (Okada  et al., 1988; Okada & Nakanashi, 1989; Nagase et al., 
1990; Koklitis et al., 1991). However, the positions and confor- 
mations of the active  site residues are unchanged during conver- 
sion. The only significant conformational changes take place in the 
loop that contains the pro-mature junction. Following cleavage, the 
loop undergoes a conformational rearrangement that results in salt 
bridge formation between the newly formed N-terminus at Phel 
and Asp237 in the mature segment. This rearrangement resembles 
the molecular events  involving  the N-terminus of serine protein- 
ases during their conversion process. However, the salt bridge is 
12 A away from the catalytic Zn'+ ion and is not expected to affect 
the active site significantly. In contrast, ion-pair formation is crit- 
ical for the formation of the oxyanion hole in the serine protein- 
ases. The salt bridge in pro-stromelysin-1 may function to swing 
the loop away from the substrate binding cleft, thus indirectly 
enhancing catalytic activity (Reinemer  et al., 1994). 

The structure of pro-stromelysin-1 is an excellent example  of 
how the same molecular mechanisms are utilized in different struc- 
tural contexts. In pro-stromelysin- 1, aspects of cysteine proteinase 
zymogens (a reverse-orientation of the prosegment in the substrate 
binding cleft) and serine proteinase zymogens (a salt bridge at the 
newly formed N-terminus) are utilized for inhibition and during 
the conversion process. The detailed structural events taking place 
during conversion of pro-stromelysin to the mature enzyme have 
not been well characterized. However, the sites of internal cleav- 
ages in the prosegment indicate that conformational changes must 

accompany conversion, since several of these sites are inaccessible 
in the zymogen. 

5. Multi-molecular assemblies 

Zymogen conversion frequently occurs in the context of homo- or 
hetero-oligomeric states of the enzyme under physiological con- 
ditions. One role ascribed to zymogens is the stabilization of other 
proteins during  cellular transport (Rudenko  et al., 1995; Stevens 
et al., 1996). Zymogen conversion in oligomeric states may also be 
exploited as a regulatory mechanism for physiological processes. 
For example, the C1 component of complement is a multi-molecular 
complex that contains a tetrameric arrangement of serine protein- 
ase zymogens, C 1s-Clr-Clr-C Is, that are associated with the stalk 
region of the lollipop-shaped Clq  component. The activation pro- 
cess is initiated when the globular head of Clq attaches to anti- 
body. A conformational signal is transmitted through its stalk region, 
thereby triggering the autocatalytic conversion of Cl r  (inactive) -+ 
C l r  (active), followed by cleavage  of CIS (inactive) + CIS (ac- 
tive) by C l r  (Liszewski et al., 1996). The newly-activated serine 
proteinase, CIS, proceeds to cleave other serine proteinase zy- 
mogens during the complement cascade. 

The conversion process in oligomeric assemblies will be af- 
fected if the sites of limited proteolysis during activation are in- 
accessible (Neurath & Walsh, 1976). One example  is the structure 
of a ternary complex of two serine proteinase zymogens, bovine 
chymotrypsinogen C (CTGN-C) and pro-proteinase E (pro-PE), 
with the metalloenzyme zymogen procarboxypeptidase A (pro- 
CPA; Gomes-Ruth et al., 1997). The overall complex is arranged 
with  pro-CPA at the base of a Y-shaped structure, flanked by the 
two serine proteinase zymogens (Fig. 5). The serine proteinase 
zymogens do not interact with each other. Most of the interactions 
between pro-CPA/bCGN-C and pro-CPA/pro-PE are mediated by 
the 99-residue prosegment of pro-CPA, revealing another physio- 
logical role of its prosegment. 

The structure of the prosegment of bovine pro-CPA, as part of 
the ternary complex, is similar to that described previously for 
porcine pancreatic pro-CPA. However, the trypsin-sensitive cleav- 
age site (Arg99p-Alal) in the tenary complex, which would be 
accessible in the monomer, is partially covered in the complex 
because of interactions with chymotrypsinogen C (Fig. 5). The 
internal cleavage site, Arg74p-Tyr75p @?4p), is even more inac- 

Fig. 4. (See figure on facing page.) Structures of metalloproteinases and their zymogens. A: Superposition of porcine procarboxy- 
peptidase A (green, PDB  code Ipca) and bovine  carboxypeptidase A (blue, PDB code Zctb), drawn as C, vectors. The RMSD for 1,211 
common backbone atoms was 0.39 A. The prosegment (4p-99p) is emphasized in thick lines.  The location of the pro-mature  junction 
is indicated by "N-TER' and its position remains unchanged during conversion. The position of the catalytic  Zn2' is shown as a red 
sphere: it is  coordinated by the side chains of His69, Glu72, and His196. B: Stereo ribbon model of porcine  pro-CPA in an identical 
orientation relative to (A). The prosegment is green and the mature  segment is grey; the side chains of Glu89p and Arg124 form a salt 
bridge. The side chains of D36p.  Phe37p,  and  Trp38p  are  purple. The catalytic ZnZ+ (sphere) and its coordinating  ligands (red) are 
shown. C: Close-up of the ribbon figure drawn in (B). The catalytic Zn2+ ion (sphere) is coordinated by the side chains of His69, 
Glu72, and His196, shown in red.  The general acid-base residue Glu270 (not shown), which would reside below His196 in the figure, 
does not interact with the prosegment. D: Stereo ribbon model of pro-stromelysin-1 (PDB code Islm). The prosegment is green 
(16p-82p) and the mature segment is grey (residues 1-168). The first 15 residues of the prosegment and the linker between a l p  and 
n2p (residues 3 Ip-39p) are  disordered in the structure.  The catalytic Zn2+ (sphere) is coordinated by the side chains of His1 19, His123, 
and His 129.  Cys75p from the P-strand of the prosegment  provides the fourth ligand in the zymogen. The side chain of the general acid 
base catalyst, Glu120, is situated 3.7 8, away from the S, atom of Cys75p. A site of autocatalytic cleavage takes place within the second 
turn of a3p (Glu68p-Va169p). which is inaccessible in the zymogen. The cleavage event is intramolecular and occurs  following 
treatment with 4-aminophenylmercuric acetate (Nagase et al., 1991). [Note that the mature  segment  numbering has been modified in 
order to remain consistent with the remainder  of this review. In the literature, the residue numbers increase continuously through the 
pro-mature junction, such that the three His ligands  are  numbered His201, His205, and His21 1.1 
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Fig. 5. Ribbon  model of the  bovine ternary complex (PDB code  Ipyt) of 
procarbxypeptidase A  (pro-CPA,  blue),  chymotrypsinogen  C  (CTGN-C, 
grey), and  pro-proteinase  E  (pro-PE, yellow). The  prosegment of pro-CPA 
is colored  green and is responsible  for  the  stabilization of the  ternary 
complex. The  catalytic Zn2+ ion of pro-CPA is  represented as a red  sphere. 
The  pro-mature  junction in pro-CPA is  indicated  by  the  black m o w  and  is 
partially  obscured  by  interactions  with  CTGN-C.  The  activation  loops of 
the  two  serine  proteinases are green (green arrows) and are exposed in the 
complex.  The  side  chains of their  catalytic  residues are colored  red. 

cessible,  suggesting  that  one  reason for the  formation of an  oligo- 
meric  complex is to stabilize  and  protect  the  prosegment  from  the 
destructive  action of proteolytic  enzymes  during  passage of the 
complex  through  the  duodenum to the  pancreas  (Uren & Neurath, 
1972;  Gomes-Ruth et al., 1997).  Another  suggestion is that  the 
oligomeric  complexes  allow  coordination and timing  for  the  onset 
of catalytic  activities. In contrast,  the  activation sites for both 
serine proteinase  zymogens are accessible  to  tryptic  cleavage.  A 
two-step  activation  scheme has been  proposed in which  the  chy- 
motrypsin  activity is expressed first, followed by dissociation of 
the complex  and  subsequent  conversion of  pro-CPA (Kerfelec 
et al.,  1985).  However,  the  mechanism  of  dissociation of the com- 
plex, as well as the  physiological  importance of sequential  activa- 
tion,  remains unknown. It is nevertheless  interesting  to  note  that 
procarboxypeptidases are often  stored  and  secreted as a  ternary 
complex  in  ruminant  species  (e.g.,  cattle,  goats,  camels) but are 
found as monomers or binary  complexes in nonruminant  species 
(Kerfelec et al.,  1985;  Burgos et al.,  1989;  Pascual et al.,  1990). 

Another  example of the importance of multi-subunit  interactions 
is the activation of the catalytic p-subunits of the yeast  protea- 
some. The proteasome is a  member  of the  N-terminal  nucleophile 
(Ntn) hydrolase  family in which the N-terminal  residue (Thrl in 
the  yeast  proteasome)  initiates  nucleophilic  attack, via its side- 
chain 0, atom,  and  subsequently  cleaves  peptide  substrates  (Bran- 
nigan et d., 1995;  Groll et al., 1997).  The  p-subunits are synthesized 
with  an  inhibitory  N-terminal  prosegment  that is also  essential  for 

the  formation of the  complex via inter-subunit  contacts  during 
assembly  (Seemuller et al., 1996; Groll et al., 1997). Seven 
&subunits  together  with  seven a-subunits form  one-half  of  the 
28-subunit  cylinder  that is responsible for the  regulated  degrada- 
tion  of  proteins  in  the  cytosol  and  nucleus.  However, in this case 
the  acquisition of catalytic  activity is coupled  to  the  formation of 
the complex  (Chen & Hochstrasser,  1996;  Seemuller et al., 1996). 
This conversion  mechanism  prevents the hazardous  effects of  pro- 
teolysis  in the cytosol  until  the  active site is safely  sequestered 
within  the  proteolytic  chamber of the  proteasome. 

The  conversion  process for the  yeast  proteasome is autocatalytic 
and  involves  limited  proteolysis  and  removal of the N-terminal 
prosegments of the  catalytic  p-subunits.  Surprisingly, the structure 
of the  active  proteasome  has  revealed  that  two of the  five  p-subunits 
that  are  synthesized  with  a  prosegment are not fully  processed  and 
are  therefore  inactive.  These  observations  suggest  that  conversion 
involves  stepwise  proteolytic  cleavages,  and  that  the two inactive 
p-subunits may represent  intermediates  during  the  activation  path- 
way that fail to  complete the conversion  process  (Groll et al., 
1997). 

Discussion 

General properties of activation mechanisms 

Most of the  zymogen  structures  discussed in this review  possess 
an active site structure  that is virtually  indistinguishable  from 
their  mature  counterparts.  The two notable  exceptions are the 
chymohypsin-like  serine  proteinases,  which  require  a  backbone 
conformational  change  at  the  substrate-binding  cleft,  and the "Ntn 
hydrolase"  family.  A  recurring  theme for many  zymogens is the 
presence of a  preformed  active site that is rendered  sterically  in- 
accessible to substrates by a  competitive  inhibitory  prosegment 
(Bode & Huber,  1992;  Sohl et al., 1997).  However,  the  prosegment- 
active site interactions  are  generally  loose  and  poised for disrup- 
tion,  unlike  small  molecule  or  peptide  inhibitors of the active 
enzymes  that  bind  tightly  and  often  mimic  the  cleavage  transition 
state.  The  prosegment of  procathepsin L  has  high  backbone  B-factors 
on the  C-terminal  side of the stretch of residues  (Met75p-Gln79p) 
that  form  contacts  with  the  substrate-binding  cleft  (Fig.  6A).  The 
prosegments of gastric  aspartic  proteinases  and  pro-stromelysin 
are well  ordered  within  segments  that contact the active  site, 
but  the flanking  regions  have  high  B-factors  that  likely  contribute 
to the disruption of the prosegment-active site interactions 
(Fig.  6B,C). In the  structure of pro-carboxypeptidase  A,  the  pro- 
segment  interacts  with  the S2 to S4 portion of the  substrate- 
binding cleft. The substrate-binding residue Arg127 (Kim & 
Lipscomb,  1991)  and  the  general  acid-base  catalyst,  Glu270,  do 
not  directly  contact the prosegment.  Finally,  a  general  feature  of 
the inhibitory  interactions  is  the  strategic  positioning of  proseg- 
ments to prevent  self-cleavage  prior to the  appropriate  signal.  For 
example,  the  prosegments of  papain-like cysteine  proteinases  ex- 
tend  across  the  active site in the  reverse  N + C-terminal  orienta- 
tion  that is necessary for productive  cleavage.  The  prosegments of 
aspartic  proteinases  interact  with the active site via  a  310-helix, 
distinct  from  the  extended  conformations of substrate-like  peptides 
that  allow  intimate  contacts  with the narrow  catalytic  cleft. 

Table  2 summarizes the  properties of zymogen  structures  and 
the  mechanisms of activation.  The  mature  segments of  zymogens 
may be subjected to large  conformational  changes  during  conver- 
sion, or they  may  remain unchanged. The gastric  aspartic  protein- 
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Fig. 6. Prosegment B-factor plots of (A)  procathepsin L, (B) progastricsin. 
and (C) pro-stromelysin-I. The average backbone B-factor. (B).  is plotted 
against  the prosegment residue number. The regions of the prosegment that 
interact  with  the active site cleft are indicated. The beginning of the  mature 
segment is labeled “N-TER.” 

ases and subtilisin undergo a major rearrangement of the first ten 
residues at  the mature N-terminus following limited proteolysis at 
their pro-mature junction  (James & Sielecki, 1986; Gallagher 
et al., 1995; Khan et al., 1997). A common  feature of zymogens 
that are activated in low  pH  compartments is the critical role of salt 
bridges in maintaining the stability of the prosegment and its in- 
teractions with the mature segment. These interactions may be 
essential for the stability of zymogens in a neutral pH environment. 
For example, the  active  forms of gastric aspartic proteinases are 
enriched in negatively charged amino  acids  and  become denatured 
upon incubation at neutral pH, presumably as a consequence  of 
electrostatic repulsions between their ionized  side chains. In the 

zymogens, the prosegments are positively charged and form sev- 
eral  salt bridges with the mature segment, thus protecting the en- 
zyme  during  its passage through a cellular environment. 

The prosegments of bacterial and yeast zymogens play addi- 
tional roles in folding  and/or targeting. When added as separate 
components, the prosegments of a-lytic protease and subtilisin are 
able to refold the denatured enzymes  (Baker  et al., 1992; Straus- 
berg et al., 1993). The noncovalent complex  of subtilisin with its 
prosegment suggests that the prosegment may catalyze the folding 
reaction by stabilizing a central “aPa” structure in subtilisin (Bryan 
et al., 1995). Studies relating to the  folding and conversion of 
subtilisin, as well as future structural characterization of a-lytic 
pro-protease, are likely to have wider implications in the field of 
protein folding. 

Upon transport of zymogens to their appropriate compartments, 
prosegments are removed by limited proteolysis, often by an auto- 
catalytic mechanism (e.g., zymogen forms of subtilisin, a-lytic 
protease, gastric aspartic proteinases, cysteine proteinases, yeast 
proteasome, pro-stromelysin-I). Autocatalytic conversion is per- 
haps the most economical mechanism since  no  other enzymatic 
cofactors are necessary for activation. In this case, conversion 
typically requires a conformational change in the prosegment in 
order to uncover the active  site  and thereby generate active forms 
of the zymogen. Limited proteolysis and removal of the proseg- 
ment may involve unimolecular and/or bimolecular cleavage events. 
Interestingly, the mechanism of release of the cysteine proteinase 
from the polyprotein precursor of picornaviruses has been reported 
to involve intramolecular cleavage (Palmenberg & Rueckert. 1982). 
The detailed kinetics of the viral polyprotein conversion pathways 
are unknown, but the autoproteolytic sequence of cleavages may 
be regulated to release the desired proteins at the appropriate time 
in the infectious cycle (Palmenberg, 1990). 

Whether the mechanism is autocatalytic or dependent upon other 
enzymes, the conversion process frequently proceeds through step- 
wise proteolytic cleavages to remove the entire prosegment (e.g., 
activation pathways of gastric aspartic proteinases, papain-like cys- 
teine proteinases, yeast proteasome, yeast carboxypeptidase Y, hu- 
man protective protein, matrix metalloproteinases). The structures 
of activation intermediate 2 of human gastricsin and the partially 
processed P-subunits of the yeast proteasome have provided in- 
sights  into their respective activation pathways. Future biochemi- 
cal and structural studies of activation intermediates will help 
elucidate the activation pathways of other zymogens. Following 
conversion, the discarded prosegments are typically degraded, of- 
ten by the newly activated enzyme. Digestion of the prosegment of 
subtilisin is rationalized as a means of recycling the amino  acids 
for subsequent use by the bacterium (Gallagher  et al., 1995). It can 
further be reasoned that the hydrolysis of prosegments ensures that 
the conversion process is irreversible and that the prosegments do 
not act as competitive inhibitors of the active enzymes. 

Regulation of proteolvtic activity and future prospects 

Following the conversion process, there exists an elaborate collec- 
tion of specialized proteins that specifically inhibit the active en- 
zymes. The importance of these “protein-proteinase” inhibitors 
range from attenuation of the serine proteinase cascades (blood 
coagulation, complement activation) to a role in the defense mech- 
anism against foreign pathogens. The protein-proteinase inhibitors 
of serine proteinases have been discussed in the section “Serine 
proteinases and their zymogens.” The papain-like cysteine protein- 
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Table 2. Inhibitory interactions and activation mechanisms 

Mature active Additional roles 
Enzyme class site machinery? Inactivation mechanism of the prosegments Conversion process 

Aspartic proteinase Yes 

Cysteine proteinase Yes 
(papain-like) 

Metalloproteinase Yes 

Serine proteinase No (chymotrypsin- 1.  Chymotrypsin-like- 
like enzymes) immature substrate- 

pro-protein) 2. Subtilisin-77-residue 
Yes (human protective binding cleft 

Yes (subtilisin) prosegment that 
sterically blocks 
the active site 
-Prosegment is 

structurally similar 
to prosegments 
of pancreatic 
metalloproteinases, 
despite lack of 
sequence similarities 

-Steric block of the active 
site by the -45 residue 
prosegment 

active-site Asp residues 

-Steric block of the active 

-Salt bridges with 

site by the 60/100 
residue prosegment 

prosegment peptide 
across active site, 
relative to substrates 

-Reverse oriented 

-Steric block of the active 
site by -95 residue 
prosegment 

steric block by 
82-residue prosegment, 
which passes through 
active site in reverse 
sense relative to 
genuine substrates 

-Pro-stromelysin-1, 

Bacterial/yeusr 
-cy-lytic protease and 

yeast procarboxypeptidase 
Y-folding and targeting 

-Subtilisin-essential for 
the folding reaction 

-Folding?/stabilization 
during transport to 
stomach (gastric enzymes) 

targeting to vacuoles 

-Folding/stability during 
transport to lysosomes 

-Mediate modification by 
mannose-6-phosphate 

-Nine-residue segment 
mediates membrane 
interactions 

-Yeast-folding and 

-Bovine ternary 
complex-prosegment 
mediates assembly of 
the oligomeric complex 

Chymotrypsin-like 
-Limited proteolysis of a 

dipeptide and formation 
of salt bridge with new 
N-terminus 

-Conformational change at 
the substrate-binding cleft 

Subtilisin-limited proteolysis 
of prosegment, rearrangement 
at the N-terminus 

-Disruption of salt bridges 
and proteolysis/removal 
of -45 residue 
prosegment, refolding 
of the mature N-terminus 

-Disruption of salt bridges 
and limited proteolysis of 
the prosegment 

not undergo significant 
conformational changes 

-Mature segment does 

-Limited proteolysis of 
prosegment by trypsin 

-Mature segment does not 
undergo significant 
conformational changes 

ases are strongly but reversibly inhibited by the cystatins, a super- 
family of homologous proteins that includes chicken cystatin as 
the archetypal member (Bode et al., 1988). Small protein-proteinase 
inhibitors of metalloproteinases are also known (Rees & Lips- 
comb,  1982; Birkedal-Hansen et al., 1990), such as the 39-residue 
potato carboxypeptidase inhibitor that may be important for plant 
defense against fungi (Ryan, 1989). Recently, the first protein- 
proteinase inhibitor of aspartic proteinases from the intestinal par- 
asitic nematode Ascaris suum has been characterized (Martzen 
et al., 1990). Some of these protein-proteinase inhibitors have been 
found to mimic substrates, but they subsequently trap  the  enzyme 
into a slow and inefficient cleavage reaction. However, the com- 
mon feature of protein-proteinase inhibitors is that the inactivation 
mechanisms are distinct from the strategies utilized by proseg- 
ments in zymogen structures. 

The recent determinations of zymogen structures highlight the 
rich variety of inhibitory mechanisms and activation pathways. 
However, for the most part, the pathways linking the zymogen + 

mature enzyme remain a “black box,” obscuring the detailed 
conformational changes and energetic considerations that remain 
speculative. The structures described here, as well as those listed 
in Table 1, provide a rational basis for addressing these many 
remaining questions using a variety of biochemical, biophysical, 
and structural methods in the future. Finally, proteolytic process- 
ing (e.g., growth factor maturation, protein degradation) has re- 
cently been implicated in the signaling pathways that lead to 
pattern formation for multicellular organisms across the evolu- 
tionary spectrum. Proteolytic enzymes such as the “astacins” and 
“reprolysins” (Bond & Beyon, 1995; Pan & Rubin, 1997; Wein- 
master, 1998) and the serine proteinase “hepsin” (Vu et al., 1997) 
are synthesized as zymogens that are targeted to the extracellu- 
lar milieu, and in some cases, remain tethered to the cell via a 
transmembrane anchor. The activation pathways of these zy- 
mogens may represent an additional level of regulation in cell- 
cell signaling. Clearly, the future holds many more surprises in 
the  field of zymogen activation. 
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