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|. Secreted Proteases and Prodomains

Secreted proteases are synthesized as inactive
zymogen precursors to tightly regulate the timing of
protease activation.! Frequently, the zymogen pre-
cursor consists of N-terminal amino acids attached
to the mature protease sequence. A number of these
N-terminal extensions (prodomains) are large enough
to fold independently and have been shown to be
required for folding of the mature protease into its
native conformation. Over time, it has become ap-
parent that the role of the prodomain in protease
folding has implications beyond their specific function
in regulating the timing of protease activation.?® The
major goal of this review is to describe what general
inferences about protein folding can be made from
prodomain catalyzed folding. General questions in-
clude whether native protein conformation is always
thermodynamically determined, what causes high
kinetic barriers between unfolded and native states,
and what do prodomains do to reduce these kinetic
barriers.

Many prodomains have been implicated in the
folding process.'® The review will focus on the two
proteases for which the most mechanistic information
is available: subtilisin (SBT) and a-lytic protease
(ALP). Both are serine proteases secreted from
bacteria but are not evolutionarily related.'*1? Each
has eukaryotic homologues. ALP is a structural
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homologue of chymotrypsin and trypsin, and SBT is
homologous in sequence and presumably structure
to prohormone convertases.!?

Il Identification of Prosequences

Sequencing of the SBT gene from Bacillus amy-
loliguefaciens in the early 1980s revealed that the
primary translation product is a pre-pro-protein.415
A 30-amino acid presequence serves as a signal
peptide for protein secretion across the cell mem-
brane and is hydrolyzed by a signal peptidase.’® A
77-amino acid sequence, termed a propeptide, was
found between the signal sequence and the 275-
amino acid mature SBT sequence. The prosequence
was shown to be removed autocatalytically and was
suggested to function as an inhibitor of the mature
enzyme to delay its activation until after secretion
from Bacillus.’” In 1987, it was demonstrated that
the propeptide is required for the secretion of active
SBT in a heterologous host (Escherichia coli), and it
was suggested that the propeptide guides the folding
process.!8

A role for the propeptide in folding was confirmed
subsequently when it was shown to promote the
refolding of the mature SBT sequence in vitro in an
intermolecular process.'® In this experiment, the 275-
amino acid mature sequence was produced in E. coli
in inactive form and then dialyzed against 6 M
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guanidine hydrochloride (Gu-HCI) to ensure com-
pletely unfolding. When the Gu-HCI then was re-
moved from the mature protein by dialysis, no
activity was recovered. However, if the propeptide
sequence was added to the renaturing dialysis, then
SBT activity was recovered in proportion to the
concentration of added propeptide. The experiment
was actually a little more complicated in that the
refolding catalyst was actually proSBT with a muta-
tion of the active site amino acid aspartic acid 32 to
asparagine (D32N). The D32N proSBT is inactive and
therefore unable to auto-process.? It would be shown
subsequently that only the 77-amino acid prodomain
was needed to catalyze folding of mature SBT.?! This
paper also made two other key observations. The first
was that the 77-amino acid prodomain is a competi-
tive inhibitor of the active enzyme (K; of 5.4 x 1077
M), and the second was that the entire prosequence
is required for strong inhibition. The first observation
showed that the propeptide binds strongly to the
native conformation of SBT, and the second was a
strong indication that the propeptide was actually a
domain that required structure beyond direct inter-
actions with the substrate binding pockets of SBT for
its function.

About five years after the cloning of SBT, the gene
for ALP was cloned from the gram negative bacte-
rium Lysobacter enzymogenes.?? Sequencing revealed
that ALP was also synthesized as a proenzyme. In
this case, the prodomain (166 amino acids) was
almost as large as the mature protease (198 amino
acids). A year later, it was demonstrated that the
ALP prodomain was required to produce active ALP
in vivo and further that the 166-amino acid pro-
domain could promote the production of active ALP
even when expressed on a separate plasmid. On this
basis, it was proposed that the prodomain provides
a template for folding the mature ALP into the active
conformation.??

In 1991, the metalloprotease, carboxypeptide Y
from yeast, was discovered to be a third example of
a protease whose in vitro folding required the par-
ticipation of a prodomain.?* It was suggested that the
prodomain might help overcome energy barriers to
a productive folding pathway. Other examples of
prodomain mediated folding have been found in all
four mechanistic families of proteases: serine pro-
teases,?> 30 aspartic proteases,?3 metallopro-
teases,** % and cysteine proteases.®®

lll. Prodomains as Folding Catalysts

In 1992, Baker and Agard performed a series of
experiments that began directly to address the
fundamental issues about protein folding raised by
earlier experiments.*%*! They performed an in vitro
characterization of the following bimolecular folding
reaction:

U<sl+P<I-P<N-P<N+P

where U is the Gu-HCI denatured form of ALP, | is
a partially folded but kinetically trapped intermedi-
ate, P is the 166-amino acid prodomain, and N is
native ALP. They made the following observations.
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Figure 1. Ribbon drawing depicting the a-carbon back-
bone of a-lytic protease. Positions of the three disulfide
cross-links are shown with space-filling spheres.

Mature ALP denatured in 6 M Gu-HCI and then
diluted into native conditions rapidly collapses into
a ensemble of conformations (termed “1”) with an
average hydrodynamic radius about midway between
the native and Gu-HCI denatured forms and with
almost the same amount of regular secondary struc-
ture (S-sheet) as native ALP. Because no reducing
agent was added in the experiment, U, I, and N forms
of ALP have all three native disulfide bonds intact
(17—37,101—-111, and 137—170) (Figure 1). Despite
the preorganization provided by the disulfides, con-
version of the | state to N was undetectable (Kroiging
< 107%s71). When P (0.04 M) was added to an excess
of 1 in a bimolecular reaction, a single turnover of
folding to N was observed at a rate of 0.016 s™. The
product of the folding reaction was a tight complex
between P and N with an K; of about 10~1° M*°, which
is tight enough to effectively eliminate multiple
rounds of ALP folding by a single P molecule. The
guantitative assessment of native ALP formation was
made by subsequently digesting away P with trypsin
to release active ALP. The results showed that the
complex I—P converts to N—P at a rate at least 107
fold faster than | spontaneously converts to N. The
results clearly show that a high kinetic barrier exists
between the | and N states, and this barrier prevents
equilibrium between the states to be attained on a
biological time scale. Hence, kinetics rather than
thermodynamics determines the native state of ALP.

The activation barrier between the | and N states
was reported as ~30 kcal/mol.**#? This seems to have
been calculated by comparing the upper limit of
folding rate (107° s™1) with an absolute reaction rate
calculated using Eyring theory. In Eyring theory,
unimolecular bond breaking is limited by the fre-
quency of molecular vibration (~10% s™1). Although
an absolute reaction rate is sometimes used as a
hypothetical reference state for protein folding reac-
tions,* its relevance is frequently questioned.

In 1993, Eder and Fersht performed characteriza-
tions of both the bimolecular folding reaction of SBT
and its prodomain** and the unimolecular reaction.*
In the characterization of the bimolecular reaction,
they denatured mature SBT (275 amino acids) in 6
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Figure 2. Ribbon drawing depicting the a-carbon back-
bone of subtilisin. Calcium binding sites A is depicted with
only side chain ligands shown.

M HCI, pH 1.8 and then either dialyzed or diluted
the protein into refolding buffer around neutral pH.
The refolding was actually carried out on a mutant
SBT in which the active site serine 221 was converted
to alanine. The S221A mutation reduces proteolytic
activity of SBT by about 108-fold*¢ and thus elimi-
nates the problem of autoproteolysis during the
refolding process. Upon return to native conditions
in high salt (e.g., 1.0 M KCI), mature SBT slowly folds
into a state reminiscent of the | state of ALP:
hydrodynamic radius intermediate between native
and unfolded and a high percentage of secondary
structure. Remarkably, the intermediate state binds
a stoichiometric amount of calcium with an affinity
< 1 uM. Native SBT has a calcium-specific, high
affinity binding site (site A, Kq ~ 100 nM).#” In native
SBT, calcium at site A is coordinated by five carbonyl
oxygen ligands and one aspartic acid (Figure 2). Four
of the carbonyl oxygen ligands to the calcium are
provided by a loop comprising amino acids 75—83
(Figure 3). The geometry of the ligands is that of a
pentagonal bipyramid whose axis runs through the
carbonyls of 75 and 79. The other ligands in the loop
are the delta oxygen of N77 and the carbonyl oxygen
of V81. On one side of the loop is the bidentate
carboxylate (D41), while on the other side is the
N-terminus of the protein and the side chain of Q2.
The seven coordination distances range from 2.3 to
2.6 A, the shortest being to the aspartyl carboxylate.
Three hydrogen bonds link the N-terminal segment
to loop residues 78—82 in parallel-beta arrangement.
A less-specific second ion binding (site B, K4 ~ 10
uM*8 is located 32 A from site A in a shallow crevice
between two segments of polypeptide chain near the
surface of the molecule (Figure 3). The intermediate
binds calcium more tightly than site B and which
raises the possibility that site A is already formed in
the intermediate. This would imply that substantial
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Figure 3. Ribbon drawing depicting the a-carbon back-
bone of subtilisin. Cation binding sites A and B are shown
as gray spheres. The position of the active site serine is
numbered (221). The calcium binding loop of site A (amino
acids 75—83) and the N-terminal amino acids (1-5) are
shown by the dashed lines.

nativelike tertiary structure is present in the inter-
mediate.

Adding the isolated prodomain (5 uM) to the
intermediate (5 uM) resulted in slow refolding to a
native complex. After 8 days of incubation at 4 °C,
about 50% of the intermediate had been converted
to the native form.** This would correspond to a rate
of 0.2 M~? s71. Since the diffusion rate would be
expected to exceed 108 M~ s™1, catalyzed folding is
extremely sluggish in the bimolecular reaction. No
conversion of the intermediate of the native form was
detected in the absence of added prodomain.*® This
experiment has a detection limit of ~1%, which would
mean that uncatalyzed folding of mature SBT occurs
at a rate of < 1078 s,

Eder and Fersht also analyzed the unimolecular
folding of the S221A mutant of proSBT.* Since
proSBT is rapidly autoprocessed to the mature form
in Bacillus, the active site mutation S221A mutation
was used to trap the unprocessed form of SBT. This
allowed expression in E. coli and purification from
inclusion bodies. Upon dilution from 5 M Gu-HCI,
proSBT was found to fold at a rate of 0.0047 s™%. The
stability of unprocessed proSBT is quite low com-
pared to the process complex and requires high salt
(e.g., 0.5 M ammonium sulfate) to maintain native-
like spectral properties. Under lower salt conditions
(e.g., 0.2 M ammonium sulfate) and at protein
concentrations of 0.5—1.0 mg/mL, proSBT forms
multimers.*® As with the folding intermediate of
mature SBT, proSBT binds stoichiometric calcium
and also binds the potent SBT inhibitor CI2 with
reduced affinity compared to native SBT.* Putting
these results into the context of the structure of the
bimolecular prodomain SBT complex, gives the fol-
lowing picture.
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Figure 4. Ribbon drawing depicting the a-carbon back-
bone of subtilisin in complex with its prodomain.

In the bimolecular complex, the C-terminus of the
prodomain binds in the active site cleft of SBT in a
substrate-like manner with Y77 occupying the S1
subsite of SBT®? (Figure 4). If Y77 occupies the same
position in unprocessed proSBT then residues 1—10
of mature SBT would be displaced from their native
positions. This hypothetical conformer can be mod-
eled by minor torsional reorganizations involving
residues 1—10 residues with Alal and GIn2 of mature
SBT occupying the S1' and S2' substrate sites. A
major consequence for this “active site” conformer is
that the calcium site A cannot fully form until after
processing because one of the calcium ligands (GIn2)
cannot simultaneously bind in the S2' subsite and
bind to calcium in the A-site. If on the other hand,
pro-SBT is a “calcium site” conformer with the
N-terminus bound to calcium at site A, then the
prodomain will be dislocated from its binding surface
on SBT, extended into solvent and available to bind
to another SBT molecule intermolecularly. This
dichotomous situation would explain the low stability
of proSBT, its diminished affinity for CI2, its calcium
affinity, and its tendency to form multimers. For
more details on unimolecular folding, the reader is
referred to refs 51—58.

The unimolecular folding reaction of ALP has some
similarity to that of proSBT but also important
differences. This study was also carried out on a
mutant with the active site serine changed to alanine
to prevent autoprocessing.>® The folded proALP is
marginally stable, and 15% glycerol is required to
maintain solubility. As with SBT, the C-terminus of
the prodomain binds tightly in the active site of ALP
in the bimolecular complex® (Figure 5). Thus, in the
unprocessed molecule, the N-terminus of the active
site conformer would be displaced by 24 A from its
position in native ALP. Unlike SBT, ALP does not
have the complications of metal binding, but does
have three native disulfide bonds. The kinetics of
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Figure 5. Ribbon drawing depicting the a-carbon back-
bone of a-lytic protease in complex with its prodomain.

folding when the disulfide bonds are preformed is
biphasic but rapid (k; = 1.1s*and k; = 0.4 s7%). The
faster rate corresponds to the rate of prodomain
folding and the slower rate appears to correspond to
prodomain mediated ALP folding. This rate is ~30
times faster than the folding step in the bimolecular
reaction. This contrasts with SBT in which the
folding step in bimolecular folding is >1000 times
slower than unimolecular folding. The rate of proALP
folding from the reduced state is limited by the rate
of disulfide exchange reactions.>°

IV. Dissecting the Bimolecular Folding Reaction

A. Unimolecular vs Bimolecular Folding

Clearly, the biological folding reaction is unimo-
lecular, and unraveling this reaction will provide
crucial insight into how protease activation is regu-
lated through folding and processing. The major goal
of this review, however, is to describe what general
inferences about protein folding can be made from
procatalyzed folding. Most of the research on the
energetics of protein folding has concentrated on
relatively small, monomeric, globular proteins, which
readily unfold and refold. The primary forces driving
protein folding as well as the basic features of
influencing folding kinetics have been actively ex-
plored in these systems. For example, the role of
contact order in influencing folding rates of small
proteins (<110 amino acids) with two state folding
reactions has been an important recent develop-
ment.517%3 For larger proteins (>110), in which
intermediates usually accumulate in the folding
reaction,®* determinants of folding rates have re-
mained controversial. Debate continues concerning
whether some intermediates are on the pathway and
accelerate folding or whether they are off the path-
way and hinder folding.55-%° Folding of proteins the
size of mature SBT and ALP frequently occurs within
seconds. While this is not always true, the reasons
for slow or inefficient folding are usually apparent.
Two factors with a great impact on folding rate are
disulfide exchange reactions and aggregation of
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unfolded states. Both of these factors do not influence
the reactions, which will be discussed subsequently.
Other common impediments to rapid folding such as
slow conformational isomerization due to prolines
and stable, misfolded conformations may play a role.

In regard to general questions about protein fold-
ing, analysis of the bimolecular folding reaction has
been particularly informative. Part of the reason for
this is practical. Unlike the unimolecular reaction,
the product of bimolecular folding is a stable complex
between the native protease and the folded pro-
domain. Atomic resolution structures of this complex
has been determined for both SBT and ALP.50:60.70
The other reason is conceptual. Consider the general
folding reaction:

U<N

To characterize the reaction, one would need to
determine microscopic rate constants in the reaction
and determine the structure of the reactant, product,
and any populated intermediates in the pathway.
This has been the goal of procatalyzed folding studies
as well, with the added element that one can study
the folding reaction + prodomain. This is done to
answer two basic questions: Why do these proteins
fold slowly without the prodomain, and what does the
prodomain do to accelerate the folding rate?

The reaction of prodomain with unfolded protease
is an intriguing case of complementation. The folded
protease is stable in a practical sense. That is, the
native conformation persists under favorable solvent
conditions for a long period on an experimentalist’s
time-scale (e.g., >weeks). Yet, once denatured and
returned to these same favorable conditions, it re-
mains in an unfolded, conformation for a long period
of time. When the isolated prodomain is added,
folding occurs spontaneously.

B. What Is the Stability of the Mature Protease?

The most basic folding experiment is determining
the free energy of the folding reaction. This is difficult
with ALP and SBT because of the impracticality of
establishing equilibrium under conditions in which
the ratio of folded and unfolded states can be ac-
curately measured. The free energy of a two-state
reaction can sometimes be determined, however, by
(1) measuring a folding rate at a standard state; (2)
measuring unfolding rates as a function of denatur-
ant; (3) extrapolating the unfolding rate to the
standard state. From the ratio of the rates of folding
and unfolding at the standard state, the free energy
of folding is determined. This was the approach taken
with ALP.”* To minimize the influence of autodiges-
tion during the folding reaction, the measurements
were made at pH 5.0. Proteolytic activity of serine
proteases decreases as the pH is decreased below the
pK, of the active site histidine (pK, ~ 7). A pH around
5 is commonly used as a compromise between low
activity and preserving some conformational stabil-
ity.”? The refolding rate of ALP was determined by
incubating denatured protein in native conditions
and removing aliquots at intervals. The amount of
active ALP was determined by measuring peptidase
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Site A

Figure 6. Calcium binding loop of subtilisin. Region of
deletion (75—83) is shown by the dashed line.

activity using a synthetic substrate. Over the course
of days, small but linear increases in activity were
detected. Quantitation in the experiment is tricky
because the accumulation of active ALP causes
digestion of the unfolded protein, but the initial rate
of the folding reaction is 6 x 1072 s~ at 25 °C. This
was compared to the unfolding rate which was
determined as a function of [Gu-HCI]. The rate of
unfolding without Gu-HCI was estimated by linear
extrapolation to be 1 x 1077 st at 25 °C. Since
AGunfolding = —RT In(kunfolding/kfolding) in a two-state
system, the simplest interpretation of the unfolding
and refolding rates would mean that AGunfolding IS
about —6 kcal/mol at 25 °C. Even given the uncer-
tainties in determining the folding and unfolding
rates, it is convincing that the unfolded state of ALP
is more stable than the folded state under these
conditions. Further, this observation is made with the
three disulfide bonds of ALP intact in all forms U, I,
and N.

Measurements of the free energy of SBT folding
are also more convoluted than one would like. The
most straightforward estimate of the free energy of
folding was determined by denaturing and renatur-
ing SBT immobilized on agarose beads to prevent
autodigestion.”® Quantitative renaturation was
achieved in 24 h in the presence of 2 M potassium
salts, indicating that the folding rate under these
conditions must be > 107° s71. The unfolding rate is
not known under these conditions, but the AGunfoiding
must be greater than 2 kcal/mol since recovery of
native activity approaches 100%. It is entirely pos-
sible, however, that SBT, like ALP, is thermodynami-
cally unstable at lower [salt] or at pH 5.

An additional element in the thermodynamics of
SBT folding is calcium binding to site A. A mutant
SBT lacking site A was designed to circumvent the
additional complexity of calcium binding.%” The cal-
cium-binding loop is formed from a nine-amino acid
bubble in the last turn of a 14-residue a-helix
involving amino acids 63—8574(Figure 6). Deleting
amino acids 75—83 creates an uninterrupted helix
and abolishes the calcium binding potential at site
A.477576 The X-ray structure has shown that except
for the region of the deleted calcium-binding loop, the
structures of the mutant and wild-type protein are
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remarkably similar considering the size of the dele-
tion. The structures of SBT with and without the
deletion superimpose with an rms difference between
261 Ca positions of 0.17 A. The N-terminus of the
wild-type protein lies beside the site A loop, furnish-
ing one calcium coordination ligand, the side chain
oxygen of Q2. In A75—-83 SBT, the loop is gone,
leaving residues 1—4 disordered, but the helix is
uninterrupted and shows normal helical geometry
over its entire length. The folding rate of A75—83
BPN' is orders of magnitude faster than BPN'. In
fact, the folding rate of A75—83 BPN' (0.003 s7%, 0.1
M KPi, pH 7.0, 25 °C) is as fast as the unimolecular
folding of proSBT under similar conditions.*>4” H—D
exchange data indicate core protons of A75—83 BPN'
exchange at rates in the range of year~*in 0.1 M KPi,
pH 7.0, 25 °C. Assuming the exchange of the core
protons occurs only through global unfolding, then
the ratio of unfolding and refolding rates would mean
that AGunfoiding ~7 kcal/mol in 0.1 M KPi, pH 7.0 and
25 °C (unpublished data). Since A75—83 BPN' folds
>10%*times faster than BPN' in 0.1 M KPi, pH 7.0,
and the unfolding rates of the apo form of BPN' is
~ 10-times faster than A75—83 BPN',’""8 A75—83
BPN' is about 7 kcal/mol greater at 25 °C than apo
BPN'. This would indicate that apo BPN' is near the
margin of thermodynamic stability under these con-
ditions.

Despite whether ALP or SBT is thermodynamically
stable under a given set of conditions, its slow folding
reaction is not due simply to instability of the folded
state. If this were true the folding reaction could be
thermodynamically driven by adding a ligand that
binds tightly and preferentially to the native state.
Thus, adding a high affinity inhibitor should result
in spontaneous folding. This is not the case. For
example, the streptomyces SBT inhibitor protein
(SSI) has no detectable influence on the folding rate
of SBT even though it binds to SBT more tightly than
the prodomain does.”

A good example in which a prodomain does cure a
thermodynamic problem is the folding reaction of
neurophysin.®% Neurophysin is the 95-amino acid
carrier protein for the peptide hormones oxytocin and
vasopressin. Isolated neurophysin folds to about 25%
in the absence of the hormone ligand. The folding
reaction can be driven to 100%, dependent on hor-
mone concentration. The folding rate is not affected
by the presence of ligand, however, only the unfolding
rate. Hence, hormone—neurophysin complex forma-
tion is a thermodynamic sink and drives neurophysin
folding to completion. Thus, for ALP and SBT ther-
modynamic instability, by itself, does not explain the
kinetic isolation of folded and unfolded states.

C. How Does the Prodomain Catalyze Folding?

1. Mechanistic Model

To define mechanistically how the prodomain
participates in folding, one would like to measure the
rates of all steps in the bimolecular folding reaction:

kl k2 kof‘f
P+Us=P-15=P-N==N+P

where P is prodomain, U is unfolded, N is native, P—I

Bryan

is a collision complex of a partially folded intermedi-
ate and prodomain, and P—N is the complex of native
and prodomain. One would also like to understand
the structure of all populated species in this reaction.
The approach is to try to describe what is known
about the indivdual steps in the reaction and then
use this information to understand the overall reac-
tion.

2. Analysis of Prodomain Binding to the Folded Protease

kun
P+ N==P-N

Koff

The most straightforward step to analyze is the
binding of the prodomain to the native protease. As
mentioned earlier, the SBT prodomain is a competi-
tive inhibitor of the active enzyme (K; of 5.4 x 1077).2%
Binding of ALP to its prodomain is even tighter
(Ki ~ 10719).40 The high affinity of the prodomain for
the native conformation suggested that its role in
folding might be to stabilize nativelike structures in
the transition state for folding.?® What those native-
like features might be came to light when a high-
resolution structure of the prodomain SBT complex
was determined.%°

In the complex, the prodomain folds into a single
compact domain with an antiparallel four-stranded
B-sheet and two three turn o-helices (Figure 4).50.70
The f-sheet of the prodomain packs tightly against
the two parallel surface a-helices of SBT (residues
104—-116 and 133—144). Proresidues E69 and D71
form helix caps for the N-termini of the two SBT
helices. In another charge dipole interaction, the
carboxylate of E112 of SBT accepts H-bonds from the
peptide nitrogens of proresidues 42, 43, and 44. The
C-terminal residues 72—77 extend out from the
central part of the prodomain and bind in a substrate-
like manner along SBT'’s active site cleft. Residues
Y77, A76, H75, and A74 of the prodomain occupy
subsites S1 to S4 of SBT, respectively. Almost all of
the prodomain’s contacts with SBT are made with
residues 100—144.

The complex of ALP with its prodomain has also
been determined.®® The 166-amino acid ALP prore-
gion wraps around the C-terminal half (85—198) of
mature ALP. The contact interface is more than 4000
A2, almost four-times that of SBT and its prodomain
(Figure 5). Most of the contacts to ALP are made with
the C-terminal half (amino acids 65—166) of the
prodomain,® although both N- and C-terminal por-
tions of the prodomain are required for folding of
ALP.8t Amino acids 160—166 of the prodomain are
inserted like a substrate into the active site, remi-
niscent of the SBT complex. The edges of a three-
stranded S-sheet in the C-terminal part of pro and a
p-hairpin (118—130) of ALP abut and form and five
stranded S-sheet in the complex.

For both ALP and SBT, the structure of the native
protease is almost identical in free and complexed
states. The shape complimentarity between the pro-
domains and the native protease is consistent with
their properties as inhibitors. The more extensive
contact interface of the larger ALP prodomain is also
consistent with its higher affinity binding. Not sur-
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prisingly, substitution and deletion mutations of
prodomain amino acids involved in substrate-like
interactions with the protease weaken binding to the
native protease.*>828 Also mutations at other regions
of the binding interfaces weaken binding.848

There are some general features of the C-terminal
half of the ALP prodomain which are topologically
similar to the SBT prodomain.® Specifically, 5-strands
2, 3, 4 and the a-helices connecting strands 1—3 and
2—4 in the SBT prodomain have structural counter-
parts in the ALP prodomain. Apart from the general
similarity of the substrate-binding cleft interactions
outlined above, however, there is little similarity in
the interactions of proSBT and proALP at their
binding interfaces with the mature proteases.

A final point of comparison is that the ALP pro-
domain has no similarity to its eukaryotic homo-
logues trypsin and chymotrypsin.! The SBT pro-
domain on the other hand has high structural
homology to the prohormone convertase prodomain,
although little sequence similarity.2¢87 Surprisingly,
the SBT prodomain also has the same basic fold as
the prodomains of eukaryotic carboxypeptidases.888°
This is despite the lack of any structural similarity
between the mature regions of SBT and the car-
boxypeptidases.

A feature of the isolated prodomains that influ-
ences binding properties is independent stability. The
ALP prodomain is fully folded at 4 °C, independent
of binding to ALP.% In contrast, the isolated SBT
prodomain is essentially unfolded at all tempera-
tures,’ even though it is a compact globular struc-
tured in complex with SBT. This situation suggests
that there is thermodynamic linkage between the
SBT prodomain stability and its binding affinity. This
linkage can be established by examining the effects
of mutations which do not directly affect contacts
with the protease but which affect the stability of
prodomain. Although the stability of the isolated
prodomain is low, it has been measured by titration
with stabilizing cosolvents and found to have a
AGunfolding ~ —2 kcal/mol at 25 °C.%° This propensity
to fold can be altered by mutations. For example, the
mutation 130T in the hydrophobic core of the SBT
prodomain weakens binding to SBT by ~100-fold.8
(This prodomain mutation is reported to cause sub-
tilisin to fold in vivo into an active, alternative
conformation with very nativelike properties.92
Detailed structural analysis of the alternative con-
formation and measurement of its spontaneous rate
of conversion to the native form of subtilisin will be
crucial to understanding this very surprising phe-
nomenon.)

A number of mutations have been described that
increase the independent stability of the SBT pro-
domain with concomitant increases in binding affin-
ity to native SBT.?3"97 Sequentially introducing sta-
bilizing mutations into the prodomain shifted the
equilibrium for independent folding from ~97% un-
folded to >98% folded. As the independent stability
of the prodomain increased, the binding affinity for
SBT increased concomitantly. The most stable pro-
domain mutant bound about ~30 times more tightly
than wild-type prodomain.®® Since these mutations
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were introduced in regions of the prodomain that did
not directly contact with SBT, their effects on binding
to SBT were linked to their stabilizing effects on the
prodomain. The linked equilibria for prodomain fold-
ing and binding are

Kq Kp
P,=—P+S==P-S

where K; is the equilibrium constant for folding the
prodomain and Kp is the association constant of
folded prodomain for SBT. The observed binding
constant is expected to be Kpipyy = [Ki(1 + KplKp.
The data show that as the fraction of folded pro-
domain approaches one, the observed association
constant approaches its maximum, ~10° M~1.9%
The kinetics of the prodomain binding to SBT also
have been determined by measuring the rate of
fluorescence changes that occurs upon binding. If the
reaction is carried out with a 10-fold or greater excess
of P, then one observes a pseudo-first-order kinetic
process with a rate constant equal to Kon[P] + Kosr.
The ko, for binding the prodomain to folded SBT is
~108 M~ s71.%9 This value is fairly insensitive to
mutations that change the stability of the prodomain.

3. Analysis of Folding Steps
I(l I(2

As described earlier, denatured ALP diluted into
native conditions rapidly collapses into a ensemble
of conformations with an average hydrodynamic
radius about midway between the native and Gu-HCI
denatured forms and with almost the same amount
of regular secondary structure as native ALP.* These
experiments are carried out such that all three native
disulfides are intact in all ALP species. This Kkineti-
cally trapped form is called “I” by Baker and Agard.
For the sake of common nomenclature with SBT, it
will be referred to as “U” in the following discussion
of bimolecular folding Kinetics. In the kinetic mech-
anism above, P is prodomain, P—I is an initial
complex between prodomain and partially folded
ALP, and P—N is the folded complex of prodomain
and native ALP.

The kinetics of the conversion of U + P to P—N
were determined as a function of [P] ranging from 5
to 100 uM.8 When the concentration of prodomain
is high relative to ALP, the Kinetics of a single turn-
over of folding are pseudo first order. The observed
rate of folding can be explained by a rapid equilib-
rium model where k_; is large relative to k,. In this
model, the equilibrium constant, K, is equal to [P—1]/
[U][P]. Since [P—I1]/[ALPta] = Ki[P]/(1 + K1[P]), the
observed rate of formation of P—N would be equal to

{koKy[PY(1 + K4[PD)} + Kk,

The concentration dependence of the rate follows a
binding hyperbola, with K; = 23 uM. The maximum
rate of the reaction (k) is 0.03 s™*. It appears from
the plots that k_; is very small compared with k,. The
kinetics described above only pertain to the major
(and faster) kinetic process.
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Analysis of mutations of the prodomain indicate
interactions at or near the active site are involved
in stabilizing the transition state between the initial
complex and the native complex.#28 In contrast,
these interactions have less effect on the stability of
the initial complex (P—1). For example, successive
deletions of the last four amino acids of the pro-
domain decrease k; on average > 10-fold for each lost
amino acid. Effects of K; are not detectable until
three or more amino acids are deleted. Recall that
these amino acids bind to ALP in a substrate-like
manner.

Similar kinetic analysis of the bimolecular foldng
of SBT is difficult because the reaction occurs at a
rate of only ~0.2 s7* M~ of prodomain.** The slow
time scale of in vitro folding makes detailed thermo-
dynamic and kinetic analysis of the process problem-
atic. For this reason, most of the mechanistic analysis
of biomolecular SBT folding has been done on a
mutant that lacks the calcium binding loop of site A
and which folds more rapidly than wild-type SBT (see
above). Further, the inactive (S221A) version of the
loop-deleted variant was employed because unfolded
forms of SBT and prodomain are very sensitive to
proteolysis.

If the SBT mutant is denatured and quickly
returned to native conditions (e.g., 0.1 M Kpi, pH 7.0),
it has little regular secondary structure initially,
unlike ALP. The disordered “U” state of mutant SBT
will slowly refold to the native form in a single-
exponential process (Kpia = 0.0015 s71) even in the
absence of the prodomain.”®

Using this mutant, catalyzed bimolecular folding
was analyzed analogously to the ALP experiments
described above but with somewhat different results.
The rate of SBT folding increases linearly as a
function of [P] for [P] = 100 uM. The absence of
curvature in the plot implies that the formation of
the initial complex, P—I, is the limiting step in the
reaction up to [P] = 100 M. Recall that for ALP that
the initial complex reached saturation by [P] ~ 20
uM. These results indicated that K; for SBT is at
least 10 times weaker.

These results at first glance seem to suggest that
the mechanisms of prodomain catalyzed folding of
ALP and SBT differ in some fundamental way. Closer
examination reveals, however, that the mechanisms
are more similar than they first appear. Some of the
differences can be explained by examination of the
independent stabilities of the two prodomains. Recall
that the SBT prodomain is largely unfolded at 25 °C
(AGunfoiding = —2 kcal/mol). In comparison, the ALP
prodomain is about 30—40% unfolded at 25 °C
(AGunfoiding ~ 0.3 kcal/mol.® Further, the analysis of
ALP folding usually is carried out at 4 °C, where its
prodomain is essentially fully folded. The affect of
prodomain stability on catalyzed folding can be seen
by examining mutants of the SBT prodomain which
stabilize its independent folding. These mutants were
selected based on examination of the X-ray structure
of the prodomain SBT complex and none of the
mutations directly contact SBT. By sequentially
introducing stabilizing mutations into the prodomain,
the equilibrium for folding the prodomain was shifted
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from 97% unfolded to >98% folded. As the prodomain
is stabilized, the folding reaction becomes faster and
distinctly biphasic. Using a fully folded prodomain
mutant the Kkinetics of folding become quite similar
to ALP folding.?® That is, at micromolar concentra-
tions of prodomain, the complex P—I reaches satura-
tion and the reaction is limited by the folding of P—1
to P—N. In the case of SBT, it was possible to
demonstrate that proline isomerization is rate limit-
ing in this folding step.

There are 13 proline residues in SBT. All but one
(Pro168) exist as trans isomers in the native struc-
ture.” The peptide bond between proline and its
preceding amino acid (Xaa—Pro bonds) exist as a
mixture of cis and trans isomers in solution unless
structural constraints, such as in folded proteins,
stabilize one of the two isomers. In the absence of
ordered structure, the trans isomer is favored slightly
over the cis isomer. The isomerization trans < cis is
an intrinsically slow reaction with rates at 0.1 to 0.01
s~1 at 25 °C. Upon denaturation of SBT, the struc-
tural constraints are removed and the trans and cis
isomers of all 13 prolyl peptide bonds gradually come
to equilibrium in the unfolded state, resulting in 213
different proline isomer combinations. To study the
catalyzed folding rate of SBT in the absence of prolyl
peptide bond isomerization, folding kinetics were
measured after a short denaturation time.'® The
SBT mutant used in these studies can be denatured
in acid in < 1 s. The rapid denaturation time
minimizes the amount of prolyl peptide bond isomer-
ization occurring during the time required to unfold.
In the absence of proline isomerization, the observed
rate of folding increases as the concentration of
prodomain increases, and follows a linear relation-
ship with no intermediate detectable in the course
of the reaction. This occurs because the formation of
P—N from P—1 is faster than the formation of initial
collision complex P—I from P and U. The mechanism
of folding reaction for denatured SBT with native
proline isomers is as follows:

9 x 104 M-15-1 >3s71

P+ U —— p—| =
<0.05s71 <0.01s

= P—N

where U is denatured SBT with all prolyl peptide
bond isomers the same as in the native structure.
According to the mechanism proposed above, the
pseudo-first-order rate constant would reach its
maximum when [P] is high enough that the value
ki[P] > (k2 + k-2). That point has not been reached
at [P] = 20 uM. Thus, in the presence of an indepen-
dently folded prodomain mutant, the rate of SBT
folding into a complex becomes typical of in vitro
folding rates for many small globular proteins. That
is, independent of proline isomerization, folding is
largely complete within a few seconds.10t

In comparison, the rate of ALP folding plateaus at
0.03 s7%, which is in the range of proline isomeriza-
tion. ALP has three trans and one cis proline. It is
not known how proline isomerization is involved in
the kinetics of the P—1 to P—N transition, however.

4. Model for Catalyzed Folding

The simplest model of catalyzed folding is one in
which the prodomain accelerates folding by stabiliz-
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ing a substructure on the folding pathway which does
not form frequently in the absence of prodomain
binding. Once the substructure forms, it acts as a
folding nucleus with subsequent folding propagating
into other regions. The nature of this substructure
can be guessed at based the structures of the folded
complexes. In the bimolecular SBT complex, the
prodomain binds on SBT’s two parallel surface a-he-
lices and supplies caps to the N-termini of the two
helices. In the intermediate P—I, the prodomain may
stabilize these two helices relative to other unfolded
states. Subsequent folding may propagate from this
folding nucleus into N- and C-terminal regions of
SBT. In the absence of the prodomain, these helices
may not have sufficient independent stability to
initiate folding very frequently. In ALP, the pro-
domain may stabilize the formation of a long -hair-
pin (118—130) in the C-terminal half of ALP. The
formation of this hairpin may be limiting in the
absence of the prodomain.60.102

V. Why Are Prodomains Required for Folding?

For SBT and ALP folding, there is detailed knowl-
edge of kinetics of the bimolecular reaction, detailed
knowledge of the structure of the folded complex, and
reasonable inferences about some structural features
of the intermediate complex. It is also clear that there
is a large kinetic barrier between unfolded and folded
forms of the protease. The existence of such high
barriers challenges many widely accepted ideas about
protein folding, namely, thermodynamic determina-
tion of native structure and the sufficiency of ther-
modynamic stability to determine a pathway. The
guestion remains as to why folding is so slow without
the prodomain. With calcium-free SBT, the problem
is not that the native state is unstable relative to the
intermediate or the other unfolded states, as has been
shown for ALP.#*?71 Uncatalyzed folding of calcium-
free SBT is slow apparently because of low stability
of intermediates.82°09° An efficient folding pathway
implies that productive intermediates are signifi-
cantly more stable than the surrounding landscape
of unfolded and misfolded conformations. Native
folding intermediates of mature calcium-free SBT
may have similar or lower stability than unfolded or
misfolded states. This would result in a large entropic
barrier to folding since most of the native structure
would have to be formed before a significant free
energy well is reached in conformational space.'%
This is surprising since a folding pathway seems to
be a consequence of a stable native state for many
proteins. Native state H—D exchange experiments for
several proteins have shown that partially folded
states exist with significantly lower energy than the
globally unfolded state.'%4-1% These partially folded
states are important intermediates in the folding
pathway of these proteins. In the case of a broad
specificity proteinase such as SBT or ALP, however,
there is likely a selection against stable intermediate
states. Assuming that partially folded intermediates
are good substrates for autolysis, the half-life of
active protease would be determined by the equilib-
rium between the proteinase-resistant native state
and the lowest energy, proteinase-labile intermedi-
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ate.347.102107 Thys, to avoid autolysis, partially folded
conformations must be of much higher energy than
the native state so that excursions between the two
states are rare. In both ALP*’and SBT (Sari, Orban,
and Bryan, in preparation), native state H—D ex-
change experiments show that amides protons in all
elements of secondary structure exchange with sol-
vent deuterons at a rate in the range of year.

In ALP, there are 103 amide protons with protec-
tion factors >10* and 31 amide proton with protection
factors >10° The most protected protons occur
throughout both domains of ALP. In comparison,
there are 131 protons in SBT with protection factors
>10°. The 49 slowest exchangers have protection
factors > 10°. These strongly protected residues occur
throughout the main structural elements of SBT,
except for the short N-terminal a-helices, A and B,
and the g-strands, 8 and 9 (Sari, Orban, and Bryan,
in preparation). The large cooperative folding core
may create a folding problem, however, because most
of the tertiary structure must be acquired before a
free energy well is encountered in conformational
space. The enormous loss of conformational entropy
before that energy well occurs would result in a large
transition state barrier to folding.®¢1%7 In this model,
the transition state of uncatalyzed folding is of high
energy because of its low conformational entropy, not
because unfavorable protein—protein or protein—
solvent rearrangements are required in folding. The
prodomain decreases the entropic barrier by pushing
the transition state back toward a less folded form
of the proteinase. Thus, much less conformational
entropy is lost in the transition state. Once over the
barrier, folding of P—1 to P—N is rapid.

In order for the proteinase to be resistant to
autoproteolysis, a large barrier must be created
between the native state and any partially folded
states after folding is completed. This energetic
barrier is created by the proteolysis of the prodomain.
Once folding to the complex, P—N, has been achieved,
the lowest energy intermediate becomes the dissoci-
ated species, P + N. Dissociation of the complex
results in proteolysis of the prodomain, leaving a
large barrier between the native proteinase and other
intermediate states.

Unfortunately, detailed understanding about the
nature of the kinetic barrier between the unfolded
and folded forms of the mature enzyme is still lacking
and probably will not be clear until there is more
information about the structures of the trapped
unfolded state. There is circumstantial evidence,
however, that the large kinetic barrier between the
compact intermediate states of ALP and wild-type
SBT may involve more than a high cooperativity.

The role of calcium site A in the Kkinetic stability
of SBT is well-documented.'%® SBT with the calcium
site A occupied unfolds 1000 times more slowly than
the apo-form of SBT*® and the activation energy for
calcium dissociation from the folded state is 23 kcal/
mol. The effect of calcium binding on the thermo-
dynamics of SBT unfolding is quite unusual, how-
ever. The native state binds calcium with an affinity
of ~107 ML, If calcium binding were exclusive to the
native state then the contribution of calcium binding



4814 Chemical Reviews, 2002, Vol. 102, No. 12
to the unfolding free energy would be

For example, the free energy of unfolding would be
increased by 5.5 kcal/mol in 1 mM calcium. The
kinetically accessible intermediate form of SBT binds
calcium with an affinity > 10® M, however.* This
means that the net contribution of calcium binding
to the thermodynamics of unfolding would be minor
(1.4 kcal/mol). The fact that SBT unfolding is
greatly slowed by calcium binding means that the
folding rate must be slowed to an almost equivalent
extent. This situation seems counterintuitive. If the
calcium binding site in the intermediate is similar
to that in the native form, then considerable native-
like structure is preorganized in the intermediate.
This is consistent with the observation that the
intermediate has almost as much secondary structure
content as the native state. Just the loss of chain
entropy in the unfolded state from coordinating the
calcium ligands should favor facile folding. Instead
calcium binding seems to impose a high kinetic
barrier to both folding and unfolding. Conceptually,
calcium binding to site A appears to be like locking
a dead bolt. A dead bolt is usually thrown with the
door in the closed position, locking it closed. It could
be thrown with the door opened, however, thereby
locking the door open. Thus, a dead bolt alters the
kinetics but not the thermodynamics of the door
opening—closing reaction. One can speculate that the
preorganization of the calcium site in the intermedi-
ate imposes topological restrictions on SBT which
great hinder folding. Understanding exactly what
these restrictions are will require more detailed
structural characterization of the intermediate state.

This general model is supported by fact that
deleting the calcium binding loop accelerates the
folding reaction by >104-fold. The magnitude of the
kinetic effect is unprecedented among mutations
affecting folding rate. Further, the mechanism of pro-
SBT maturation is consistent with the dead bolt
model. The covalent attachment of the prodomain to
SBT prevents the final folding of the calcium A-site
region, until after the active site is sufficiently formed
to cleave the prodomain from the mature enzyme,
ensuring that the dead bolt is thrown with the
protein folded.5°5”

ALP has no metal binding sites, but, oddly, the
three disulfide bonds could play an analogous role
to the SBT calcium site A. An unstrained disulfide
cross-link should stabilize a protein by decreasing the
entropic cost of folding. The loss of conformational
entropy in a polymer due to a cross-link has been
estimated by calculating the probability that the ends
of a polymer will simultaneously occur in the same
volume element. According to statistical mechanics,
the three disulfide bonds in ALP should destabilize
the unfolded state by ~10 kcal/mol at 25 °C.109110
Since the life span of a protease depends on the
kinetics rather than the thermodynamics of unfold-
ing, however, disulfide bonds are a surprising feature.
The effects of cross-links on the stability of the
unfolded state would not generally be manifested in
the activation energy of the unfolding reaction,
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because transition states for unfolding reactions
usually are compact, with only slightly larger heat
capacity than the native state. In bimolecular folding
experiments on ALP, the disulfide bonds are present
in both the | and N states of the protein and thus do
not contribute to the thermodynamic measure-
ments.*?>" It is possible, however, that the cross-links
impose topological constraints which slow both fold-
ing and unfolding as proposed for calcium binding
in SBT. No work has been reported on folding of
mature ALP from the reduced state to either support
of refute this hypothesis. It should be noted that the
fungal subtilase Proteinase K has no calcium site A
but has two disulfide bonds (27—118 and 174—247).%?

Whether the high kinetic stability of ALP and SBT
is a result of biological imperative or a result of
uncoupling evolution of the mature enzyme from the
primary sequence of the mature enzyme is not
known. It has been suggested that broad specificity
proteases face peculiar challenges in surviving their
own enzymatic activity and hence this may have
necessitated the evolution of high kinetic stabil-
ity.192197 For example, ALP, with broad specificity,
has an absolute requirement for catalyzed folding,
while the more sequence specific enkaryotic homo-
logues trypsin and chymotrypsin are capable of in
vitro folding without a prodomain. SBT and enkary-
otic homologues, the prohormone convertases provide
a counter example, however. PCs have a strong
preference for cutting sequences of the form
RX(R/K)R,111112 yet they appear to have a calcium
site A2 and a prodomain structurally homologous to
the bacterial counterpart.®®87 In vitro and in vivo
folding of PCs appears to require the prodomain.
Whatever its causes, the phenomenon of catalyzed
folding provides opportunity to study some properties
of protein design and stability not evident in the
traditionally studied proteins.
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