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ABSTRACT: The 13.5 kDa N-terminal part of the propeptide remains associated with mature cathepsin C
after proteolytic activation and excision of the activation peptide. This residual pro-part, isolated from the
recombinant enzyme, folds spontaneously and rapidly to a stable, compact monomer with secondary
structure and stable tertiary interactions. Folding and unfolding kinetics of the residual pro-part with intact
disulfides are complex, and accumulation of transient intermediates is observed. The cleaved form of the
pro-part isolated from natural human cathepsin C also folds, suggesting that the intact form comprises
two folding domains. The linkages of the two disulfide bridges have been established as 30-118 and
54-136 for the native enzyme. The native disulfide bonds can be re-formed from the fully reduced and
denatured state by oxidative refolding, resulting in a domain that is spectroscopically indistinguishable
from the original refolded residual pro-part. Both disulfides are solvent-exposed and can be reduced in
the absence of denaturant. The reduced form retains most or all of the native tertiary structure and is only
≈2 kcal‚mol-1 less stable than the oxidized form. It folds fast relative to the rate of biosynthesis, to the
same conformation as the oxidized form. Folding and disulfide formation are sequential. These results
indicate that the proenzyme folds sequentially in vivo and that the residual pro-part constitutes a rapidly
and independently folding domain that stabilizes the mature enzyme. It thus fulfills the criteria required
of an intramolecular chaperone. It may also be involved in stabilizing the tetrameric structure of the
mature enzyme.

Proteinases are synthesized as zymogens that are activated
by proteolytic cleavage with the loss of from 2 or 3 to more
than 200 residues. Their propeptides are implicated in the
regulation of proteolysis and in sorting zymogens to their
final location in the cell where the activation process takes
place. The majority of propeptides are larger than 50 residues,
and these are frequently considered as assisting in the folding
of the catalytic part.

The involvement of propeptides in folding has been most
extensively studied with the bacterial serine proteinases
R-lytic protease and subtilisin. Coexpression of the propep-
tide with the mature enzyme was shown to be essential to
enable folding of the latter in vivo (1, 2). In vitro, R-lytic
protease (3) and subtilisin (4) fold to a molten globule-like
intermediate state, further folding to the native state requiring
addition of the propeptide. The mature enzyme is thus in a
metastable conformation where the completely unfolded and
intermediate states are more stable than the proteolytically
active enzyme (5). R-Lytic protease is, however, kinetically
stable because of the large activation barrier between the

folded and unfolded states. This barrier is lowered in the
folding process by the propeptide which stabilizes the
transition state (5). Subsequent proteolytic degradation then
locks the R-lytic protease in its metastable active state.
Recently, a model has been suggested in whichR-lytic
protease folds in vitro in a sequential manner, the propeptide
folding first, then being able to catalyze folding of the
protease domain (6).

Sequential folding is even more feasible in vivo, since
individual domains can fold co-translationally. Early experi-
ments on the biosynthesis of antibody fragments in cell-free
systems (7) showed that an immunoglobulin domain, com-
plete with its disulfide bond, can fold co-translationally and
independently of the rest of the protein. Sequential folding
during in vitro translation has also been observed for firefly
luciferase (8, 9). The in vitro folding of tailspike endorham-
nosidase from salmonella bacteriophage P22 proceeds through
rate-limiting intermediates with the same folding rates as in
vivo folding, suggesting sequential folding of domains (10,
11).

Propeptides of cysteine zymogens bind across the active
site cleft, inhibiting the enzyme (12). Mutation experiments
on the complete propeptide have shown that it is necessary
for folding and/or processing of the proenzyme (13-15).
Moreover, independent evidence has shown that the prore-
gion of Bombyx moricysteine proteinase is, like that of
R-lytic protease, essential for enabling the catalytic domain
to fold to the active conformation (16).
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Propeptides of the papain-like enzymes are usually not
larger than 100 amino acids and are completely cleaved out
during proteolytic activation. The known exceptions are
cathepsin F and cathepsin C, with propeptides of 251 and
206 residues, respectively (17, 18). The sequence of cathepsin
F propeptide indicates the presence of 3 distinct modular
domains: an N-terminal sequence predicted to adopt a
cystatin-like fold, a 50 residue linking peptide, and a
C-terminal sequence with similarity to the cathepsin L
propeptide and therefore presumably responsible for sup-
pressing catalytic activity in the proenzyme. In the precursor
of cathepsin C (dipeptidyl aminopeptidase I, EC 3.4.14.1),
the C-terminal 10 kDa sequence of the propeptide shows
similarities to the propeptide of cathepsin L (19) and is
excised on activation, while the N-terminal 13.5 kDa part,
referred to here as the residual pro-part, is unusual in
remaining associated by strong noncovalent interactions (20)
as part of the mature enzyme (21, 22). Its sequence shows
no similarity to other proteinases or their precursors in the
SwissProt and Protein Data Banks, so it is therefore of
interest to question whether it plays a specific role in the
zymogen and the mature enzyme. The other unusual feature
of cathepsin C is that the proenzyme rapidly oligomerizes
in vivo, followed by activation to a tetrameric mature enzyme
(21, 23).

A related question concerns whether, in vivo, the pro-
cathepsin C sequence codes for independent folding domains
which, like R-lytic protease, fold sequentially, or whether
folding of the N-terminal region depends on that of the
C-terminal region, as in the case ofâ-lactamases (24).

We therefore isolated the bound, residual pro-part from
cathepsin C, characterized it chemically and spectroscopi-
cally, and investigated the reversibility, equilibria, and
kinetics of its folding and unfolding. It is shown to fold
spontaneously and independently of the remainder of the
propeptide, and to be capable of folding before the catalytic
moiety of the proenzyme is synthesized in vivo. It thus
satisfies the criteria necessary for assisting the folding of
the proenzyme.

EXPERIMENTAL PROCEDURES

Materials.Enzymically active, recombinant human dipep-
tidyl aminopeptidase I (DPPI, cathepsin C) was obtained by
heterologous expression of the proenzyme in insect cells and,
following activation, was purified and characterized (S. W.
Dahl, personal communication). TPCK-treated trypsin for
sequential analysis was from Sigma. GdmCl,1 5,5′-dithiobis-
(2-nitrobenzoic acid), and 8-anilino-1-naphthalenesulfonic
acid were from Serva and KI from Aldrich.

Isolation of the Residual Pro-Part. Recombinant cathepsin
C was dissolved in 200 mM phosphate, pH 7, containing 6
M GdmCl and stood for 1 h atroom temperature. Refolding
was started with 1:5 dilution of denatured protein into 200
mM phosphate, pH 7. The cathepsin C concentration during
refolding was 0.25 mg/mL or lower. After 30 min, insoluble
aggregates were removed by centrifugation at 10000g for
10 min. The soluble proteins were concentrated by ultrafil-
tration (Amicon YM-10) to 10% of the volume followed by

further centrifugation. The residual pro-part was separated
from the soluble aggregates on a calibrated Superdex S-200
column equilibrated with 100 mM phosphate/300 mM NaCl,
pH 7. The concentration of the residual pro-part was
determined from the absorbance at 280 nm usingA1mg/mL

280nm

) 2.39 (20).
Characterization of the Residual Pro-Part.The fluores-

cence spectra of the residual pro-part were measured with
excitation at 280 nm using a PTI Fluorescence System
version 1.2X. The spectra were scanned in 200 mM
phosphate buffer, pH 7, in the presence and absence of 6 M
GdmCl, 20 mM DTT, at a protein concentration of 5µg/
mL. CD spectra were recorded on an AVIV CD Spectrometer
62A DS in 100 mM phosphate buffer, pH 7, in the presence
and absence of 20 mM DTT. ANS fluorescence spectra were
measured with excitation at 370 nm, with 50µmol/L ANS
in the presence of a 2µmol/L sample of the residual pro-
part dissolved in 100 mM phosphate, pH 7. SDS-PAGE
was performed on a Phast System apparatus (Pharmacia,
Sweden) using 8-25% gradient gels following the manu-
facturer’s instructions. N-Terminal amino acid sequence
analyses employed a Procise 492 Applied Biosystems amino
acid sequenator system.

Equilibrium Studies of GdmCl-Induced Unfolding and
Refolding.Changes in protein structure were detected by
recording the tryptophan fluorescence at 320 nm with
excitation at 280 nm and ellipticity in the far-UV region at
220 nm. Experiments were performed by titration with 20
min equilibration at each concentration of the denaturant in
100 mM phosphate, pH 7, in the presence and absence of
20 mM DTT. This equilibration time is adequate, since the
half-time for the slow phase of unfolding in 4 M GdmCl is
100 s and of refolding in 3.2 M GdmCl is 5 s. In 3 M GdmCl,
90% of the slow phase of unfolding (itself only 10% of the
total change) would take place in 500 s, meaning that any
difference from the equilibrium value would be well within
experimental error. The observed coincidence of the folding
and unfolding curves supports this conclusion. All experi-
ments were performed at 25°C. Starting concentrations of
the residual pro-part for the fluorescence and CD measure-
ments, both in a 10 mm cell, were 10 and 20µg/mL,
respectively. The results were corrected for dilution and
analyzed according to the equation for a two-state transition
with baseline slope correction (25):

Sobs is the measured signal,Sn andSu are the values for the
native and the unfolded protein at zero denaturant, respec-
tively, [D] is the denaturant concentration, andnn andnu are
the slopes of pre- and posttranslational baselines, respec-
tively. ∆G°N-U is the difference in Gibbs free energy
between native and unfolded protein in the absence of
denaturant, andm ) δ∆GN-U/δ[D].

Unfolding and Refolding Kinetics of the Oxidized Residual
Pro-Part.The kinetics of change of the intrinsic tryptophan
fluorescence were monitored using a DX.17MV sequential
stopped-flow spectrofluorometer with excitation at 280 nm
and the emission cutoff filter at 335 nm. Unfolding was
initiated by rapid mixing of 1 volume of the protein solution
with 10 volumes of 100 mM phosphate, pH 7, containing

1 Abbreviations: DTT, dithiothreitol; GdmCl, guanidinium chloride;
GSH, reduced glutathione; GSSG, oxidized glutathione.

Sobs) {Sn + nn[D] + (Su + nu[D]) exp[(m[D] -
∆G°N-U)/RT]}/{1 + exp[(m[D] - ∆G°N-U)/RT]} (1)
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various concentrations of denaturant. For refolding, the
protein was first denatured by 30 min incubation in 6 M
GdmCl and then mixed with 10 parts of the refolding buffer.

The kinetics of change of quenching of tryptophan
fluorescence were measured in the presence of 150 mM KI
and 0.1 mM Na2S2O3. Folding and unfolding were initiated
by rapid 1:5 mixing of protein with 100 mM phosphate, pH
7, containing GdmCl, following the emission above 295 nm
with excitation at 280 nm. Fluorescence measurements in
the presence and absence of the quencher were performed
at a protein concentration of 5µg/mL. Extrapolation of the
signal for the folded residual pro-part to the unfolding
conditions allowed estimation of the amplitudes for each
phase observed in the unfolding. The signal corresponding
to the unfolded residual pro-part under folding conditions,
obtained by extrapolation from the denatured state, allowed
the amplitudes in the refolding kinetics to be estimated.

The kinetics of secondary structure formation and unfold-
ing were determined from the change of ellipticity at 220
nm. Reactions were initiated by manual mixing of protein
and buffer, with a dead time of 7 s. Refolding in the presence
of 2.5 M GdmCl and unfolding in 5 M GdmCl were
performed at a residual pro-part concentration of 60µg/mL
in a 1 cmcell at 10°C.

All refolding reactions were analyzed according to a
single-exponential equation and unfolding reactions as the
sum of two single-exponential reactions.

Refolding of the Reduced Residual Pro-Part.The residual
pro-part was dissolved in 6 M GdmCl, 0.5 M Tris, pH 8,
containing 50 mM DTT. After an hour, the sample was
applied to a size exclusion chromatography column equili-
brated with 6 M GdmCl, 150 mM AcOH, pH 2.5, to remove
DTT. Folding was started by 1:10 dilution of the reduced
residual pro-part into the refolding buffer to a final concen-
tration of 10µg/mL. The refolding buffer contained 3 M
urea, 0.6 M GdmCl, 2.5 mM GSH, 0.25 mM GSSG, and
0.3 M Tris, pH 7. The products of the refolding were
analyzed by a size exclusion chromatography column
equilibrated with 300 mM NaCl and 100 mM phosphate,
pH 7.

Colorimetric Quantitation of Free Sulfhydryls.Free sulf-
hydryl content was quantitatively determined with Ellman’s
reagent, 5,5′-dithiobis(2-nitrobenzoic acid), measuring the
absorbance at 412 nm of the formed thionitrobenzoate (26).
The residual pro-part at a concentration 5µmol/L was
dissolved in 200 mM Tris, pH 8, containing 5 M GdmCl
and 200µmol/L of Ellman’s reagent in a total volume of
0.4 mL. The absorbance was measured after 10 min
incubation. The number of free cysteines in the residual pro-
part was determined from the calibration curve obtained with
free cysteine in a concentration range 3-30 µmol/L.

The Position of Disulfide Bridges.The location of disulfide
bridges was determined by classical fragmentation strategy
(27). Residual pro-part (20µmol/L) in 200 mM Tris, pH
7.5, was digested with 2µmol/L trypsin for 2 h at 37°C.
The reaction was stopped with boiling at 100°C for 5 min,
half of the sample in the presence of 50 mM DTT and the
other half in the absence of reducing agent. The resulting
peptide mixtures were separated by HPLC (Milton Roy) on
a Chrompack C18 column (300× 3 mm) with a gradient of
acetonitrile in an aqueous buffer containing 0.1% TFA. The
peptides containing a disulfide bond were identified by

comparison of the reduced and oxidized residual pro-parts,
collected, reduced, and re-run on the column. N-Terminal
amino acid sequence analyses of the disulfide-bonded
peptides were performed using a Procise 492 Applied
Biosystems amino acid sequenator system.

RESULTS

The Residual Pro-Part of Cathepsin C.Unlike the major
proportion of the residual pro-part present in cathepsin C in
human tissue (20-23), the peptide isolated from the recom-
binant enzyme is uncleaved and homogeneous, as shown by
reducing SDS-PAGE and confirmed by N-terminal amino
acid analysis (data not shown).

The residual pro-part in mature cathepsin C is bound to
the rest of the enzyme solely by noncovalent interactions
(20). The binding is strong since, in 2 M GdmCl, only the
tetramer with an apparent molecular mass of 180 kDa is
observed when analyzed by size exclusion chromatography.
The higher concentrations of GdmCl required to separate
the residual pro-part from the enzyme lead to simultaneous
denaturation of all the constituent peptides, and to the
irreversible loss of oligomeric structure and activity (28).
Dilution of the denatured cathepsin C into aqueous buffer
leads to substantial aggregation. Attempts to optimize
refolding by staggered dilution or by the presence of nonionic
or zwitterionic detergents did not result in any recovery of
activity. This failure to refold in vitro may be due to the
cleavage, during activation, of the catalytic moiety and/or
to the absence of the excised propeptide (20-23).

Size exclusion chromatography of the products of the
attempted refolding showed the presence of a soluble fraction
with a symmetrical peak. The single N-terminal amino acid
sequence found, DTPAX, is that of the residual pro-part.
Reducing SDS-PAGE gave a single band corresponding to
an apparent molecular mass of∼25 kDa, the same as for
the uncleaved residual pro-part isolated from human tissue
(20). This shows that the residual pro-part in the recombinant
enzyme is, like the human enzyme (20), highly glycosylated,
the mass of the protein chain being 13.5 kDa. It was shown
by mutational analysis to be glycosylated at all three sites,
with little difference in the nature of the glycosylation from
that of the natural enzyme (S. W. Dahl, personal com-
munication).

The positions of the disulfide bonds in the residual pro-
part isolated from the active recombinant enzyme were
determined. Disulfide-containing peptides resulting from
tryptic cleavage were separated on reverse phase HPLC. On
reduction, one gave peptides with sequences DVXCSVMG-
PQE and NWACFTG, indicating that cysteines 54 and 136
are disulfide bonded. The second pair gave N-terminal
sequences DTPA and VTTY, confirming that the other
disulfide bond is formed between cysteines 30 and 118.

Characterization of the Folded State of the Residual Pro-
Part of Cathepsin C.The fluorescence of the soluble residual
pro-part has a maximum at 325 nm, compared with the peak
at 350 nm observed for the GdmCl denatured state (Figure
1). A substantial proportion of the aromatic residues are
therefore shielded from solvent.

Near-UV circular dichroism provides a sensitive finger-
print of tertiary interactions and of the dynamics of a protein.
The residual pro-part has a well-defined near-UV CD
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spectrum (Figure 2), with contributions from tryptophan,
tyrosine, and phenylalanine, confirming that persistent tertiary
interactions are established. In addition, the absence of any
enhancement of ANS fluorescence shows that the latter is
not bound by the soluble residual pro-part, confirming that
it is not in a partially folded, molten globule-like state. In
addition, the far-UV CD spectrum shows well-developed
secondary structure, with major contributions ofâ-sheet and
aperiodic conformation (Figure 3).

Additional evidence that the residual pro-part in aqueous
buffer is folded is provided by equilibrium denaturation

experiments (Figure 4A). It unfolds in a thermodynamically
reversible manner, and the coincidence of the curves
monitored by fluorescence and far-UV CD is characteristic
of a two-state transition. Further, the data fit well to a two-
state model (Figure 4A), resulting in a thermodynamic
stability, ∆G° ) 7.7 kcal‚mol-1, characteristic of a stable
globular protein, and anm value of 2.0 kcal‚mol-1‚M-1

(Table 1), indicating typical cooperativity.
Kinetics of Renaturation of the Oxidized Residual Pro-

Part. Refolding was followed on the stopped-flow time scale
by the decrease of fluorescence intensity above 335 nm.

FIGURE 1: Fluorescence emission spectra of the residual pro-part
isolated from mature, recombinant cathepsin C. Spectra were
scanned in the presence of 6 M GdmCl (O) and 20 mM DTT (4)
and in the absence of reducing agent and denaturant (*).

FIGURE 2: Near-UV CD spectra of the recombinant residual pro-
part in the absence (thin line) and in the presence (thick line) of 20
mM DTT. (O) The reoxidized residual pro-part refolded from the
reduced and denatured state.

FIGURE 3: Far-UV CD spectra of the recombinant residual pro-
part in the absence (line) and in the presence (O) of 20 mM DTT.

FIGURE 4: (A) GdmCl-induced unfolding transition of the oxidized
residual pro-part from recombinant cathepsin C monitored by the
fluorescence change at 320 nm (4) and by the decrease of the far-
UV ellipticity at 220 nm (O); (*) refolding from 5 M GdmCl
measured by the fluorescence change. Unfolding of the pro-part
from natural human cathepsin C monitored by the fluorescence
change at 320 nm (2). (B) GdmCl-induced unfolding transition of
the reduced residual pro-part monitored by the fluorescence change
at 320nm (O). The lines in all cases represent analyses of the data
according to a two-state model (eq 1).

Table 1: Parameters Characterizing the Equilibrium Unfolding of
the Residual Pro-Part of Cathepsin C

∆G°N-U
(kcal‚mol-1)

m
(kcal‚mol-1‚M-1)

Cm
a

(M)
1ox. CD 7.6( 0.5 2.0( 0.1 3.7( 0.1
1ox. fluor. 7.6( 0.4 2.1( 0.1 3.6( 0.1
1red. fluor. 5.7( 0.2 1.7( 0.1 3.4( 0.1
2ox. fluor. 5.6( 0.3b 1.7( 0.1b 3.3( 0.2b

a Cm is the concentration of GdmCl at the midpoint of the transition:
Cm ) ∆G°N-U/m. Abbreviations: ox., oxidized; red., reduced; fluor.,
fluorescence probe. Origin of the residual pro-part was1recombinant
and2natural human cathepsin C.bApparent values, due to the hetero-
geneity of the peptide (see text).
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Approximately 85% of the change of fluorescence occurs
in the burst phase of folding. The subsequent reaction is
monophasic, and the log rate constants are inversely pro-
portional to the denaturant concentration over the concentra-
tion range 0.5-3.2 M GdmCl (Figure 5). The overall folding
of the residual pro-part is very fast, extrapolation of the rate
constants to zero GdmCl concentration leading to a half-
time of 0.1 s at 25°C.

Formation of a compact state during folding was monitored
by following the dequenching of aromatic fluorescence by
iodide ion. One kinetically resolved phase with a folding
rate constant of 0.18 s-1 in the presence of 2.5 M GdmCl
represented 70% of the total amplitude, as established from
the extrapolation of the fluorescence of the unfolded state
to the folding conditions. The first 30% of dequenching
occurred in the burst phase, showing that most of the process
of sequestering aromatic residues from solvent occurs in the
later stages of folding (Table 2).

Similar kinetic phases were observed for the formation of
secondary structure. The change of ellipticity at 220 nm was
measured at 10°C to allow folding in 2.5 M GdmCl to be
observed following manual mixing. As for the intrinsic
fluorescence, the greater proportion of native ellipticity was
regained in the burst phase, followed by a slower phase with
a rate constant consistent with that for fluorescence under
the same solvent conditions (Figure 7B and Table 2). The
progression of ANS binding is complementary to these
results. Stopped-flow fluorescence showed that ANS is bound
early on in folding, although much less than to other proteins
(29). The desorption of ANS at 10°C takes place over the
same time range as the slow phases of changes in tryptophan

fluorescence and far-UV ellipticity, indicating the accumula-
tion of an intermediate with some molten globule-like
characteristics at a relatively late stage in folding.

Kinetics of Denaturation of the Oxidized Residual Pro-
Part. The kinetics of unfolding were studied using intrinsic
fluorescence, fluorescence quenching, and far-UV CD. The
rate of increase of fluorescence shows that unfolding is not
a simple two-state transition from the native to the unfolded
state (Figure 5). Two kinetically resolved phases are observed
in the range from 4 to 7 M GdmCl, the rate constants in 5

FIGURE 5: Apparent rate constants, as a function of GdmCl
concentration, for the unfolding (O,b) and refolding (4) of the
recombinant residual pro-part obtained by stopped-flow fluorescence
measurements.

Table 2: Apparent Rate Constants and Amplitudes of Folding of
the Residual Pro-Part in 2.5 M GdmCl and Unfolding in 5 M
GdmCl

refolding unfolding

slow phase fast phase slow phase

rate
(s-1)

amplitude
(%)

rate
(s-1)

amplitude
(%)

rate
(s-1)

amplitude
(%)

far-UV CDa 0.048 30 0.052 40 0.0012 40
fluorescenceb 0.23 15 0.8 25 0.012 25
I- quenchingb 0.18 70 1.1 50 0.017 50

a Experiments were performed at 10°C. b Experiments were per-
formed at 25°C.

FIGURE 6: Amplitudes of the burst phases and of the observed
phases in the unfolding (O,b) and refolding (4) of the recombinant
residual pro-part. The upper line refers to the signal of the unfolded
and the bottom line to the signal of the folded residual pro-part.
The arrows show the direction of change.

FIGURE 7: Rates of unfolding (A) and refolding (B) of the
recombinant residual pro-part measured by the change of ellipticity
at 220 nm. The solid lines are the best fits of the experimental data
to (A) the sum of two single-exponential functions and (B) a single-
exponential function.
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M GdmCl being 0.8 and 0.012 s-1. However these two
phases constitute only about 50% of the total amplitude
(Figure 6), the remainder of the change in fluorescence
occurring within the burst phase. The dependence of the
amplitude of the latter on denaturant concentration (Figure
6) suggests that this ‘phase’ represents the effect of change
of solvent.

When the decrease of fluorescence was monitored in the
presence of iodide, two phases accounting for the total
amplitude were observed (Table 2). These quenching experi-
ments were performed under conditions (cutoff filter 295
nm) such that fluorescence in the absence of quencher was
unchanged during unfolding. The observed change in the
presence of quencher thus reflects only the solvent exposure
of aromatic residues during unfolding.

Binding of ANS was not observed in either phase,
indicating that any accumulating intermediates are not molten
globule-like.

Loss of secondary structure in 5 M GdmCl was monitored
by change of ellipticity at 220 nm at 10°C, following manual
mixing (Figure 7A). Again, two kinetically resolved phases
were observed, with rate constants of 0.052 and 0.0012 s-1,
accounting for 80% of the total amplitude (Table 2). The
other 20% was lost within the dead time of mixing (7 s).

Comparison of the Residual Pro-Parts from Natural and
Recombinant Human Cathepsins C. To confirm that results
on the folding behavior of the residual pro-part from
recombinant enzyme can be related to the ‘natural’ proen-
zyme, certain experiments were carried out on the residual
pro-part from the natural human enzyme, bearing in mind
that approximately 50% of this peptide is cleaved at residue
58 or 61 (20), although still joined by disulfide bonds. The
equilibrium unfolding transition (Figure 4A) was similar to
that of the homogeneous recombinant peptide, the apparent
values of free energy,m, andCm being slightly lower than
those of the recombinant peptide (Table 1). This can be
attributed to the heterogeneity of the natural pro-part, the
cleaved fraction being apparently slightly less stable than
the intact fraction.

The kinetics of folding and unfolding, as a function of
GdmCl concentration, follow the same pattern for both
sources of pro-part (Figure 5). The unfolding kinetics exhibit
two phases, each of which has rate constants of the same
order for the two pro-parts (Table 3). The folding kinetics
for the natural pro-part show a nonlinear dependence of rate
constant on denaturant concentration, indicative of hetero-

geneity. At higher concentrations, where the more stable
intact form from the recombinant enzyme will be the main
folding species, the plot extrapolates to a value close to that
for the recombinant pro-part (Table 3).

Properties of the Reduced Residual Pro-Part in the
Absence of Denaturant.To discover whether the two
disulfide bonds are important for the stability and folding
of the residual pro-part under physiological conditions, the
reduced protein was characterized. After incubation for an
hour in 200 mM phosphate, pH 7, containing 20 mM DTT,
the residual pro-part was acidified to pH 3 and the reducing
agent removed on a size exclusion chromatography column
equilibrated with 6 M GdmCl at pH 2.5. The number of free
cysteines, produced by reduction in the absence of denaturing
agent, was determined using Ellman’s reagent to be 3.95
residues per molecule. The oxidized residual pro-part and
the form reduced in the presence of 6 M GdmCl possessed
0.05 and 3.95 free cysteines, respectively. Both disulfide
bonds can thus be reduced in the absence of the denaturant.

The far-UV CD spectrum shows that the secondary
structure is not significantly different from that in the
oxidized form (Figure 3), the small difference in ellipticity
around 235 nm being attributable to the dithiol chromophore.
More significantly, most of the tertiary interactions and
dynamics involving aromatic residues are conserved in the
reduced state, as shown by the near-UV CD spectrum (Figure
2). The fluorescence spectrum of the reduced residual pro-
part in the presence of 20 mM DTT differs from that of the
oxidized residual pro-part (Figure 1). The increase ofλmax

from 325 to 330 nm and of fluorescence intensity at
wavelengths above 320 nm indicates that the environment
of one or more of the tryptophans has changed on reduction.
This, however, could be due to loss of quenching by a
neighboring disulfide bond. Reduction thus has little, if any,
effect on the conformation of the residual pro-part.

The thermodynamic stability of the reduced residual pro-
part was determined from equilibrium unfolding experiments
monitored by fluorescence at 320 nm (Figure 4B). Like the
oxidized form, the equilibrium unfolding is fitted well by a
two-state model, the derived thermodynamic parameters,
∆G°N-U ) 5.7 kcal‚mol-1 and m ) 1.7 kcal‚mol-1‚M-1

(Table 1), showing that the reduced residual pro-part is less
stable than the fully oxidized form by just 2 kcal‚mol-1 and
that the transition is slightly less cooperative.

OxidatiVe Refolding of the Reduced and Denatured
Residual Pro-Part.Initial attempts to refold and reoxidize
the reduced and denatured residual pro-part resulted in strong
aggregation. It was necessary to find conditions that would
reduce the likelihood of intermolecular disulfides forming,
while allowing the protein to fold and make the correct
intramolecular bonds. A refolding solvent of 3.15 M urea
and 0.6 M GdmCl was found to be optimal.

Residual pro-part was fully reduced with DTT in the
presence of GdmCl and applied to a size exclusion chroma-
tography column equilibrated with 6 M GdmCl at pH 2.5 in
order to remove the reducing agent and stabilize the
sulfhydryls in the fully unfolded pro-part. Renaturation was
started with a 1:10 dilution of this denatured protein into a
buffer containing 3.5 M urea and the redox pair 2.5 mM
GSH and 0.25 mM GSSG. After 8 h, the samples were
analyzed by size exclusion chromatography. More than 95%

Table 3: Comparison of Unfolding and Refolding Kinetics for
Residual Pro-Part from ‘Natural’ and Recombinant Cathepsin Ca

unfolding refolding

d logku/
d[GdmCl] logk°u (s-1)

d logkf/
d[GdmCl] logk°f (s-1)

rec. phase 1 0.51 -2.7 -0.6 0.9
rec. phase 2 0.36 -3.7 - -
nat. phase 1 0.53 -2.7 -0.8b 1.5c

nat. phase 2 0.58 -4.4 - -
a Kinetics measured by fluorescence; see Experimental Procedures.

k° is the rate constant extrapolated to zero concentration of GdmCl.
b The slope is linear between 2 and 3.3 M GdmCl, but nonlinear at
lower concentrations, extrapolating to a value for logk°f of between
0.1 and 0.4 s-1. c Extrapolation of the linear part of the curve to zero
denaturant concentration.
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of the protein was eluted at the same volume as for the
unreduced peptide isolated from the mature enzyme.

The disulfide linkages in this refolded and reoxidized
protein were determined as for the pro-part from the mature
enzyme. The separation by HPLC of the peptides obtained
after the cleavage with trypsin led to an elution profile
identical to that of the native residual pro-part, confirming
that the native-state pattern of disulfide bonds had been
formed. Furthermore, peptides with free cysteine were not
observed, indicating that reoxidation was complete.

The far-UV CD spectrum of the refolded and reoxidized
residual pro-part shows the same, mostlyâ-sheet, conforma-
tion as that folded from the oxidized state. The fluorescence
and the near-UV CD spectra (Figure 2), which are identical
to those of the native form, confirm that the residual pro-
part can be oxidatively refolded in vitro from the reduced
state.

The residual pro-part retains the nativelike conformation
in the absence of denaturant even if both disulfide bonds
are reduced (see preceding section). To determine whether
the formation of disulfide bonds is essential for conforma-
tional folding to take place, fully reduced and denatured
residual pro-part was diluted into refolding buffer containing
20 mM DTT. After 2 min, the fluorescence spectra in 0.2,
0.8, and 1.5 M GdmCl were scanned and compared to those
measured at the same concentrations of GdmCl and DTT
added to the folded, disulfide-bonded residual pro-part. The
fluorescence intensities and maxima of the residual pro-part
prepared in either of the two ways were the same, indicating
that the reduced and denatured residual pro-part can rapidly
adopt the nativelike conformation without prior formation
of disulfide bonds.

Oxidative refolding was carried out in a significant
concentration of denaturant. That this results in the same
conformation as that of the residual pro-part isolated from
cathepsin C is supported by the facts that (i) the denaturant
concentration used was within the native plateau region of
the oxidized and reduced pro-part, (ii) the fluorescence
spectra of the reduced protein obtained by reduction of the
folded oxidized protein, and by refolding the reduced and
unfolded protein in 0.2 M GdmCl and in 1.5 M GdmCl
(equivalent to 3 M urea+ 0.6 M GdmCl), were superim-
posable, (iii) the disulfide linkage was the same and the
sensitive near-UV CD spectra were indistinguishable, and
(iv) the disulfides are solvent-exposed and can be reduced
in the absence of denaturant which, together with the above
experiments, indicates that the overall reductive unfolding
process is fully reversible.

DISCUSSION

The Function of the Residual Pro-Part.The larger propep-
tides in proteinase zymogens have been proposed to have
two main functions. First, they are responsible for suppress-
ing the activity of the enzyme and, in certain cases, including
the cysteine proteinase cathepsin L (30), are able to act
directly as inhibitors. Second, the propeptides ofR-lytic
protease, subtilisin, and the cysteine proteinase fromBombyx
mori are essential for enabling the respective enzymes to
surmount the activation barrier between their partially folded
and native states (3, 4). It has generally been assumed, by
analogy, that the propeptides of the papain-like cysteine
proteinases assist folding.

Like these enzymes, mature cathepsin C cannot be
reversibly unfolded, neither activity nor the oligomeric
structure being regained even when refolding was attempted
in the presence of the already folded residual pro-part (data
not shown). The precipitation of the ‘heavy’ and ‘light’
peptides of the catalytic moiety, on transferring to native
solvent conditions, forms the basis of a simple procedure
for isolating homogeneous residual pro-part from the re-
combinant enzyme. This was also possible using enzyme
extracted from human tissue, but a substantial proportion of
this residual pro-part is nicked during activation (20),
markedly reducing the yield of intact residual pro-part. With
respect to amount and sites of glycosylation, the pro-part of
recombinant human cathepsin C is comparable to that
isolated from the natural enzyme, and its stability and folding
kinetics are shown to differ little, if at all. The higher apparent
molecular mass values of 17 and 25 kDa determined by size
exclusion chromatography and reducing SDS-PAGE, re-
spectively, as well as the high solubility of the residual pro-
part, are attributable to the high degree of glycosylation of
the 13.5 kDa protein (20). In addition, the linkages of the
two disulfide bonds present in the active enzyme have been
identified. The recombinant material is therefore a suitable
model for drawing conclusions about the folding of the
natural human procathepsin C in vivo.

The residual pro-part isolated from the mature enzyme
folds spontaneously and reversibly to a stable (7.7 kcal‚mol-1)
and cooperative globular structure. Tryptophans well shielded
from the solvent, the presence of well-defined secondary
structure and stable tertiary structure, and the absence of ANS
binding confirm that the structure is a well packed and
compact globule.

Disulfide bonds can make a substantial contribution to the
stability of a protein. Proteins such as bovine pancreatic
trypsin inhibitor, ribonuclease A, andR-lactalbumin adopt
the random coil conformation after full reduction, even under
physiological conditions and in the absence of denaturant
[reviewed in (31)]. However, many proteins survive in a
quasi-native conformation after reduction of one or two
disulfides, including BPTI (32), RNaseT1 (33, 34), and
RnaseA (35), while TEM-1â-lactamase (36) andErythrena
caffra trypsin inhibitor (37) even retain their function when
the disulfide bonds are reduced, the only effect in these cases
being to lower the stability. The two disulfide bonds of the
residual pro-part, which can be reduced in the folded state,
stabilize the native conformation by only 2 kcal‚mol-1.
Analysis of the cDNA sequence (18) shows that the three
glycosylated asparagines in the residual pro-part (20) precede
or follow three of the four cysteine residues. The environment
of the cysteines thus accounts for the susceptibility of the
disulfides to reduction in the folded state, and indicates that
both disulfides are exposed to solvent (38). The reduced form
thus exhibits a quasi-native conformation, retaining the
secondary structure, the dynamics, and most or all of the
persistent tertiary interactions of the oxidized form. The
folded state with reduced disulfide bonds has the same
spectroscopic properties, whether reached from the unfolded,
reduced state or by the reduction of disulfide bonds in the
folded state. The residual pro-part folded in the absence of
disulfide bonds is thus a thermodynamically stable interme-
diate with nativelike tertiary structure. The folded state is
achieved, in a manual mixing experiment in 1.48 M GdmCl,
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in less than 30 s, the greater proportion of the fluorescence
change, as for the oxidized form, occurring much faster. The
dependence of folding rate constants on denaturant concen-
tration observed for the oxidized form (Figure 5) shows that,
in the absence of GdmCl, it will fold significantly faster.
These results show that the residual pro-part can fold rapidly
relative to the rate of biosynthesis of up to 20 residues per
second (39).

The two disulfide bonds formed on refolding and reoxi-
dation have been shown to be the same as those in the
residual pro-part folded in vivo during synthesis of the
proenzyme. The overall reversibility of oxidative refolding
is strong evidence that the conformation of the spontaneously
folding pro-part determined here in vitro is that which this
domain can achieve when folding off the ribosome in vivo.
The kinetics of folding and the exposure of the disulfides to
reduction show that folding and oxidation are sequential and
that this will be the likely mechanism in vivo. The oxidation
of solvent-exposed cysteines in a nativelike intermediate is
usually relatively fast, as in the case of intermediate (30-
51,5-55) of bovine pancreatic trypsin inhibitor (40) and in
vivo is even faster, being catalyzed by protein disulfide
isomerase. In the case of the residual pro-part, even if the
rate of disulfide bond formation were slow as compared to
protein synthesis, the reduced residual pro-part with native-
like conformation would still form a matrix which could
interact noncovalently with the rest of the enzyme.

Concentrations in excess of 2 M GdmCl are needed to
initiate cooperative denaturation of cathepsin C (28). This,
coupled with aCm for the residual pro-part of 3.7 M GdmCl
and its high thermodynamic stability, indicates that the
residual pro-part stabilizes the mature enzyme. The residual
pro-part thus meets the double criteria of being able to assist
folding of the catalytic moiety in vivo by folding rapidly to
a native or nativelike conformation, and by being able to
interact with and stabilize the catalytic moiety of the
proenzyme as it folds. These results also confirm that the
folding of the proenzyme is sequential.

The Folding of the Oxidized Residual Pro-Part.The
residual pro-part with disulfide bonds intact folds rapidly,
faster than the reduced form. The rapid acquisition of 70%
of native ellipticity (within 7 s in these experiments) is
characteristic of many proteins (41). The stopped-flow burst
phase entails 85% of the total change in fluorescence but,
interestingly, only 30% of the increased seclusion from
solvent of tryptophan that takes place on folding (Table 2).
The major part, at least, of the change in intrinsic fluores-
cence must therefore be ascribed to specific interactions of
tryptophans within a loose conformation, rather than to their
sequestration from solvent accompanying nonspecific, hy-
drophobically driven collapse. This is consistent with a
localized region containing nativelike aromatic interactions,
an initiation site (42), the remainder of the structure being
relatively poorly packed, as shown for barnase. This would
be in keeping with the limited transient ANS binding.

The preparation of residual pro-part from cathepsin C
isolated from human tissue comprises approximately 50%
intact pro-part, the remainder being cleaved at one of two
positions into two chains, shown here to be joined by
disulfide bonds 30-118 and 54-136. It exhibits a well-
defined tertiary structure by near-UV CD, similar to that of

the recombinant pro-part (results not shown), despite having
been unfolded in the procedure for dissociation from the
catalytic moiety (see Experimental Procedures). The unfold-
ing transition (Figure 4A and Table 1) and the kinetics of
folding and unfolding (Table 3) show that the cleaved form
is capable of folding, at least in the presence of the disulfide
bond. This suggests that the residual pro-part comprises two
folding domains of 10 and 3.5 kDa. By analogy to a
multisubunit protein, whose subunits may collapse and
associate to a molten globule conformation (43), the kinetics
of folding of the intact residual pro-part may be interpreted
in terms of rapid collapse, association, and mutual stabiliza-
tion of the two folding units, followed by slower conforma-
tional rearrangement.

The unfolding kinetics of the intact residual pro-part are
unusual in exhibiting more than one phase by intrinsic
fluorescence, fluorescence quenching, and far-UV ellipticity
(Table 2 and Figure 7A). Most proteins unfold with a simple,
kinetically two-state transition, without the accumulation of
intermediates. The multiphasic nature of the unfolding of
the residual pro-part raises the question as to whether the
folded state is homogeneous, particularly in light of reports
that the complex unfolding of dihydrofolate reductase (44)
and staphylococcal nuclease (45) results from the multiplicity
of the native state. The sharp equilibrium transition and high
thermodynamic stability of the folded state of the residual
pro-part (Figure 4A, Table 1), however, make it unlikely
that species with relatively large differences in free energy
are present. The alternative possibility, that intermediates
accumulate during unfolding, is not well understood (46, 47),
although some have been ascribed to proline isomerization
during unfolding (48). The multiphasic folding observed here
may be related to the proposed presence of two folding units.

In conclusion, the excised part of the propeptide of
cathepsin C (the activation peptide) is similar in size and
has some sequence similarity to the complete propeptide of
cathepsin L, which is known to fold independently (49).The
complete propeptides of cysteine proteinases are known in
certain cases to assist folding of the catalytic region when
attached covalently (14) and when separate (16). The
activation peptide of cathepsin C may therefore assist folding.

The folded residual pro-part has been shown here to
interact strongly with the catalytic moiety of cathepsin C,
stabilizing it in its proteolytically active form. The ability
of the residual pro-part to fold rapidly in vitro to a nativelike
form means that, during synthesis of the proenzyme in vivo,
it would be already folded and able to interact with the
catalytic moiety as soon as the latter can present an
approximately complementary surface. It appears therefore
that, whatever the role of the activation peptide in folding,
the residual pro-part assists folding of the proenzyme in vivo
by stabilizing a late intermediate.

Since cathepsin C is the only known tetrameric cysteine
proteinase, it is also possible that the additional, sequentially
unique residual pro-part domain is involved in dimerization
of the proenzyme (S. W. Dahl, personal communication) and
tetramerization of the mature enzyme (23). In this case, the
stable fold of the residual pro-part domain would provide a
surface for linking to other catalytic units or for self-
association.
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