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In vivo, many proteases are synthesized as larger precursors. During the
maturation process, the catalytically
active protease domain is released from
the larger polypeptide
or pro-enzyme
by one or more proteolytic processing
steps. In several well studied cases, amino-terminal
pro regions have been
shown to play a fundamental
role in the folding of the associated protease
domains. The mechanism by which pro regions facilitate folding appears to
be significantly different from that used by the molecular chaperones. Recent
results suggest that the pro region assisted folding mechanism may be used
by a wide variety of proteases, and perhaps even by non-proteases.
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Introduction
An increasing number of proteases have been found
to be synthesized as pro-enzymes, that is, the catalytically active protease region is eventually cleaved from
a larger precursor polypeptide. Essentially all known
extracellular bacterial proteases are made as pre-proproteins (the pre region being a signal sequence),
and a growing number of intracellular and extracellular eukaryotic proteases have also been shown to be
synthesized as pro-enzymes. Pro regions can be aminoterminal extensions, carboxyl-terminal extensions, or a
combination of the two, but amino-terminal extensions
are the most common. In addition, there is tremendous
variability in the size of the pro regions, which range
from -40 amino acids to -60 kDa.
In numerous cases, experiments have revealed that direct expression of the protease domain alone does not
lead to the synthesis of active enzyme. As pro regions
seem to be required transiently for the production of
active proteases, it is reasonable to propose that the
pro regions are involved in the maturation or folding
of their associated protease domains. In several well
characterized cases, it has been conclusively demonstrated that the pro regions are, indeed, required for
the folding of their associated protease domains. Here
we review the recent literature implicating pro regions
in protein folding, and discuss possible mechanisms
through which they may act.

Pro regions and folding
The two most extensively studied cases of pro
region-assisted folding involve evolutionary unrelated
prokaryotic serine proteases, a-lytic protease from the
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Gram negative soil bacterium Lysobacter enzymogenes,
and subtilisin from the Gram positive bacterium Bacillus subtilis. a-Lytic protease has a IbGamino-acid
amino-terminal
pro region 111, and subtilisin has an
amino-terminal
pro region consisting of 77 residues
[21. In both cases, proper folding of the mature protease
domains in vivo requires the corresponding pro region,
supplied either in cis, as in the natural protease precursor 12,31, or in trans as part of a separate polypeptide
chain 141.These in vivo results have been reproduced
in vitro; only in the presence of their pro regions do
both proteases refold to their native states after denaturation 15*,61.
Several other proteases have pro regions that may
well play important roles in folding. In vitro, pro-carboxypeptidase Y (pro-CPY) refolds readily following
denaturation, while mature CPY alone refolds poorly
171. In vivo data suggest roles for pro regions in the
folding of the thermophilic protease aqualysin I [8*1and
the Yarrowia liplytica alkaline extracellular protease
191.Expression experiments with the cysteine proteases
papain 1101,cruzain 1111,and cathepsin L [121 also imply
a requirement for pro regions.

Pro regions and protein

Although often small in size, pro regions can play a
striking multitude of roles. For example, many of the
pro regions mentioned above also function in intracellular protein transport. The pro regions of CPY 1131
and several other yeast proteases are responsible for
targeting the enzymes to the yeast vacuole. A striking
recent result is that the Yarrowia protease pro region
can function in trans to direct the protease through the
secretory pathway 114**1. The connection between pro
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regions and secretion is not restricted to eukaryotes:
proper extracellular secretion of a-lytic protease requires a functional pro region WI.
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Pro regions as protease
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In all cases thus far examined, pro regions that promote folding have been found to be potent inhibitors
of their respective enzymes. The a-lytic protease pro
region inhibits mature a-lytic protease with a Ki of
close to 10-11 M 15’1; the subtilisin pro region inhibits
subtilisin with a Ki of 5 x lo-7M 1161.Finally, pro-CPY
has less than 0.1% of the enzymatic activity of mature
CPY, suggesting that this pro region might also act as
an inhibitor [71.
This correlation between folding activity and inhibitory
activity suggests that the number of pro regions which
function in folding may be considerably larger than
presently thought. The pro regions of a large number of proteases have been shown to act as strong
inhibitors, but their role in folding has not yet been
examined. For example, the pro regions of the asparty1 proteases pepsin and cathepsin D inhibit the
mature enzymes 1171, the pro region of the metalloprotease carboxypeptidase
A inhibits CPA with a Ki
of lo-1oM 1181, and the 62-amino-acid pro region of
the cysteine protease cathepsin B inhibits cathepsin B
action with a Ki of 4 x lO-lOM [191.
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Interestingly, there are exceptions to this functional
convergence, even within the serine protease family.
The closest eukaryotic relatives of a-lytic protease,
chymotlypsin, elastase and their homologues are produced via the classical zymogen activation mechanism
1201. These proteases can be expressed without the
short polypeptide segments associated with zymogen
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Several intriguing features concerning the evolution of
pro regions may be inferred from Table 1, which gives
a list of proteases having pro regions with known functions. Within the serine protease family, three evolutionary unrelated enzymes (a-lytic protease, subtilisin,
and carboxypeptidase Y> have pro regions which function in folding. The fact that these serine proteases utilize a similar catalytic mechanism (based on a catalytic
triad of active-site residues arranged in virtually identical relative positions on very different protein scaffolds) is the textbook example of convergent evolution.
Perhaps an even more dramatic convergent evolution
of folding mechanisms is suggested by the common
requirement
for pro regions. Pro region-dependent
folding may not be restricted to the serine proteases:
members of the three other major protease families also
have pro regions that function as inhibitors (Table 11,
and, by analogy, perhaps function in folding as well.

a function

Elastase

+, present;

of pro regions

for which

Baker, Shiau and Agard

Trypsin

Calhepsin

Evolution

folding

D
-, absent;

nd, not determined.

of the pro region

blocks

be a consequence

production

of effects

of active

on folding

and/or

proteases

in viva.

secretion

activation, and hence do not require them for proper
folding 1211.Thus, remarkably, the members of the alytic protease/chymotrypsin
family, proteins with fairly
similar sequences and nearly identical folds, possess
evolutionarily divergent folding mechanisms.

Mechanism

of action

Recent work has shed some light on the mechanism
by which pro regions facilitate folding. Protein folding
in general involves a kinetic competition between ‘on’
pathway reactions leading to the folded state, and ‘off’
pathway reactions such as aggregation. Pro regions
could facilitate folding either by increasing the rate of
the forward folding reaction or by decreasing the rate
of aggregation reactions. The molecular chaperones,
which include such proteins as heat shock protein
(hspI70 and groEIJgroES, are thought to function primarily by preventing aggregation [22,23l. Several lines
of evidence suggest that, in contrast to the chaperones,
pro regions function by directly increasing the rate of
the forward folding reaction. First, as discussed above,
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pro regions generally interact strongly with the product of the folding reaction, the native state (Kts ranging from lo-11 to lO-TM). A second, stronger piece of
evidence is that pro regions are required for folding
under conditions in which off pathway reactions are
almost completely suppressed. Denatured a-lytic protease cannot refold to the native state in the absence of
the pro region 15’1. Instead, upon removal of denaturant, the protein folds to an intermediate state that has
substantial secondary structure but little organized tertiary structure 124”l. The folding intermediate is stable
for months, with no detectable conversion to the native state. Upon addition of the pro region, however,
the intermediate is rapidly converted to the native state.
As folding competence is maintained for an extended
period of time, off pathway reactions have clearly been
minimized under these conditions. Furthermore, this
intermediate appears to be kinetically trapped, and
the pro region appears to function by lowering the very
high free-energy barrier which blocks access to the native state. Very similar observations have recently been
reported for subtilisin 125*,26’1, suggesting a similar role
in folding for the subtilisin pro region.
What is the nature of the barrier blocking folding in
the absence of the pro region? At least three quite different possibilities present themselves. First, the transition state in the folding reaction may correspond
to a high-energy, distorted form of the native state,
as suggested for other protein folding reactions. The
observation that pro regions bind tightly to protease
native states is most consistent with this possibility,
since similar interactions could well be used in both
stabilizing a native-like transition state and in binding
to the native state. A late energy barrier is also suggested in the case of a-lytic protease by the observation that the folding intermediate that requires the
pro region possesses much of the secondary structure
of the native state 124”l. Second, the rate-limiting step
may involve breaking inappropriate non-native interactions in a folding intermediate, in effect, an unfolding step. In wild-type subtilisin 125’1a highly structured
intermediate accumulates in the absence of the pro region, which is only slowly converted to the native state
(halftime -8 days) upon addition of the pro region. In
contrast, for a mutant lacking the high-affinity calciumbinding site 126’,271, a structureless intermediate accumulates in the absence of the pro region. The un,
structured intermediate can then be rapidly folded by
adding the pro region (folding halftime -one minute).
Taken together, the data indicate that destabilization of
a folding intermediate can reduce the barrier to folding,
and result in an increased reaction rate. Third, the barrier may be entirely entropic. In the absence of the pro
region, the polypeptide chain may have access to a vast
number of conformations of roughly equal energy, and
thus be unable to find the native state because of the
size of the search space. The pro region in this scenario
would provide a path through this vast conformational
space. This might well be the case for the mutant sub
tilisin lacking the calcium-binding site 126’1. The folding
intermediate captured in the absence of the pro region

possesses little secondary structure, and the slow step
in the folding reaction catalyzed by the pro region appears to be the formation of the bimolecular complex.
What is the chemical nature of the interactions in the
transition state? Some evidence exists, for both subtilisin 127”l and carboxypeptidase Y 171,that electrostatic
interactions make a significant contribution to the energy barrier. While neither denatured subtilisin nor denatured CRY refold in low ionic strength buffer, some
activity is regained in both cases when the proteins are
allowed to refold in high ionic strength buffer. The ratelimiting step in these two cases may involve bringing
together charged side chains.

Why pro regions?
Why should so many proteases have evolved a folding
mechanism dependent on pro regions? The answer
may involve the fact that proteases must function in
very hostile environments (surrounded by other proteases), and thus need to be exceptionally stable. This
requirement demands a large energy barrier to unfolding which, in the absence of pro regions, would also
serve to block the forward folding reaction. Pro regions
provide a means to lower transiently the height of the
barrier during folding, and if, as in the case of the
a-lytic protease pro region, they are designed to be
exquisitely protease-sensitive, they will be destroyed
once folding is complete. Their destruction thus prevents catalysis of the reverse reaction.

Future directions
Because pro regions function by reducing the height
of kinetic barriers, and not by altering folding reaction
equilibria (the native states of proteases are quite stable in the absence of their pro regions), they may be
viewed as enzymes which catalyze the folding of their
associated mature domains. As in the case of more traditional enzyme-mediated reactions, understanding the
mechanism of catalysis requires understanding, firstly,
the structure of the reaction substrate(s), i.e. the folding intermediate(s) which interact with the pro regions,
secondly, the interactions between enzyme and sub
strate(s), i.e. the interactions between the pro region
and the folding intermediate(s), and thirdly, the ratelimiting transition state and how the pro region lowers its energy. Answering these questions will require
a combination of molecular genetics, kinetic analyses
and, most importantly, structural analyses through nuclear magnetic resonance (NMR) and X-ray crystallography. Initial experiments along these lines have already begun. Polymerase chain reaction mutagenesis
has been used in combination with a genetic screen to
identify mutations which abolish the folding activity of
the subtilisin pro region, as well as to identify a second
site suppressor within the mature domain to a partic-

Pro regions in protein folding Baker, Shiau and Agard
ular deleterious mutation [28*1. Investigations into the
kinetics of folding assisted by pro regions and the energetics of binding (through calorimetry) have also taken
place in the case of subtilisin [2&l. Finally, studies are
in progress on the a-lytic protease folding reaction
employing NMR techniques CJL Sohl and DA Agard,
unpublished results).
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Proteases are not the only proteins to be synthesized
with large amino-terminal pro regions. For example,
the growth hormones transforming growth factor-S1
(TGF-PI) and activin A are synthesized as parts of
precursors containing amino-terminal pro regions. In
vivo expression studies have shown that the pro regions are required for the folding and secretion of both
hormones [29,301. As in the case of the serine proteases
described above, the pro regions can function either in
cis or in trnns (expressed using a separate promoter)
1291. A further similarity is that the TGF-pl pro region
associates with the mature growth factor and inhibits
its activities 1311. It will be interesting to see how far
the similarities continue.
Non-covalent interactions are not the only means by
which pro regions can influence the folding of their
associated mature domains. One of the most intensively studied protein folding pathways, that of bovine
pancreatic trypsin inhibitor (BPTI), provides a striking example [32**l. The rate of folding to the final,
three disulfide-bonded
species is determined by disulfide chemistry. Recently, it was shown that the single
cysteine of the BPTI pro region significantly increases
the rate of folding by serving as an intramolecular disulfide reagent and promoting the formation of the proper
disulfide bonds.
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