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Cathepsin C, a lysosomal dipeptidyl aminopepti-
ase, is competitively and reversibly inhibited by gua-
idinium ions with a Ki ' 1.5 mM. Loss of activity is
ot the result of conformational change, subunit dis-
ociation or altered mobility of the enzyme, but rather
eflects a specific binding of guanidinium ions to the
ctive site. The finding that cathepsin C is not inhib-
ted by substrate has allowed the kinetic parameters
n the presence of guanidinium ion to be determined.
uanidinium significantly decreases the Km of sub-

trate hydrolysis, without changing Vmax. In a novel
pplication of the transferase reaction, the Km of the
ucleophile substrate has been determined (11 mM)
nd found not to be affected by guanidinium, indicat-
ng its inhibition of substrate binding to the S, but not
he S*, site. Inhibition is suggested to be the result of
hielding a negative charge on the enzyme important
or interaction with the substrate. © 1999 Academic Press

Cathepsin C (EC 3.4.14.1) is a lysosomal cysteine
roteinase whose main function is protein degradation
nd activation of proenzymes (1). The oligomeric com-
osition of cathepsin C (2), the large part of the pro-
egion in the mature enzyme (2-5) and activation by
ertain monovalent anions (6), of which chloride is the
ost effective, are the most significant characteristics

f the enzyme. On the basis of the reported sigmoidal
ctivation by chloride (7), the enzyme was proposed to
e under allosteric regulation.
In the course of studying the structure and function

f cathepsin C, inhibition by millimolar concentrations
f guanidinium ions was observed. GdmCl unfolds
ost proteins at molar concentrations, however

maller conformational changes (8,9), subunit dissoci-
tion (10,11) or binding of guanidinium ion to the ac-

1 This work was supported by the Ministry of Science and Tech-
ology of the Republic of Slovenia.

2 To whom correspondence should be addressed. Fax: 1386 61
73594. E-mail: blaz.cigic@ijs.si.
Abbreviations used: 4MbNA, 4-methoxy-b-naphthylamide, Gdm1,

uanidinium ion.
6006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ctivity, can occur in sub-molar concentrations of
uanidinium chloride. In order to explain the observed
nhibition, the stability of the enzyme and binding of
dm1 ion to cathepsin C were studied. In the course of

hese experiments the inhibition by substrate was re-
xamined.

XPERIMENTAL PROCEDURES

Materials. Cathepsin C was purified from human kidney (14);
athepsin H from porcine spleen (15) was a gift from Ivica Klemenčič.
rea and GdmCl were from Serva. Gly-Phe-4-methoxy-b-naphthyl-
mide (Gly-Phe-4MbNA), Pro-Phe-OH, Pro-Phe-NH2.Cl and Lys-
yr-OH.acetate were from Bachem Germany. All other chemicals
ere of analytical grade.

Fluorimetric determination of enzyme activity. Hydrolysis of Gly-
he-4MbNA was followed at 25°C using a Perkin Elmer LS-50B spec-
rofluorimeter with excitation at 360 nm and emission at 415 nm.

Spectroscopic characterization of conformational changes. Fluo-
escence of cathepsin C was measured with excitation at 280 nm and
mission at 300-400 nm. The enzyme was incubated 16 hours in the
resence of GdmCl prior to measurement. Near UV CD spectra were
easured using an AVIV CD Spectrometer 62A DS. For quenching

xperiments, cathepsin C was dissolved in 400 mM acrylamide in
00 mM sodium phosphate pH 6 and titrated with 6 M GdmCl
issolved in 200 mM sodium phosphate buffer pH 6 and with buffer
lone. After 5 minutes incubation fluorescence emission was moni-
ored at 355 nm with excitation at 295 nm. The final concentration of
crylamide was 280 mM. The activity of the enzyme was not affected
y the quencher in the range 0 to 500 mM. Fluorescence of the blanks
as determined in the same way, except that cathepsin C was
issolved in sodium phosphate buffer in the absence of acrylamide.
topped flow fluorescence measurements of enzyme activity were
erformed on a DX.17MV Sequential Stopped-flow Spectrofluorim-
ter with excitation at 335 nm and emission cut-off filter at 400 nm.

Gel exclusion chromatography. A calibrated Superdex S-200 col-
mn, total volume 22 ml and void volume 8.5 ml, was used to
etermine the molecular mass of cathepsin C in the presence and in
he absence of 500 mM GdmCl.

Spectrophotometric determination of kcat and Km. Hydrolysis of
ly-Phe-4MbNA was followed by the increase in absorbance at 345
m for the range of substrate concentration 0.01 to 1.1 mM. Reduc-
ively activated cathepsin C was added to a final concentration of 2
M to 200 mM phosphate buffer, pH 6.0 containing 50 mM NaCl
ogether with, in experiments with inhibitor, 20 mM guanidinium
hosphate. The concentration of dimethylsulfoxide in the assay,



after adding 10 mM substrate in dimethylsulfoxide, was 10%. kcat
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nd Km were obtained by curve fitting according to the Michaelis-
enten equation.

Chromatographic determination of kcat and Km. The hydrolysis of
ro-Phe-NH2 was followed chromatographically. The reaction was
tarted by adding reductively activated enzyme (100 nM final con-
entration) to the substrate dissolved in 200 mM sodium phosphate
uffer at pH 7.5, containing 50 mM NaCl, 10% dimethylsulfoxide
nd, in experiments with inhibitor, 20 mM guanidinium phosphate.
liquots of 15 ml were transferred after 1, 3 and 5 minutes to 135 ml
f 1% TFA to stop the reaction. Substrates and products of the
eaction were separated on a Chrompack C10 column (3 mm 3 100
m) using an HPLC system (1100, Hewlett Packard with diode

rray detector) with a gradient of acetonitrile in the aqueous buffer
ontaining 0.1% TFA. The positions of the peaks and molarity of the
eptides in the reaction mixture were determined using Pro-Phe-
H2 and Pro-Phe-OH as standards, monitoring the absorbance at
15 nm. The hydrolysis rate at each concentration of substrate is the
verage of rates obtained after 1, 3 and 5 minutes. kcat and Km values
ere obtained as for Gly-Phe-4MbNA.

Transferase assays. These were carried out with 10 mM Pro-Phe-
H2 and various concentrations (2.5–150 mM) of Lys-Tyr-OH in the

eaction mixture. The procedure was the same as for the hydrolysis
f Pro-Phe-NH2. Absorbance was measured simultaneously at 215
m and 274 nm during the chromatographic separation. The concen-
ration of product, Pro-Phe-Lys-Tyr-OH, was determined from the
bsorbance at 274 nm, using Lys-Tyr-OH as a standard, on the
ssumption that both have the same molar extinction coefficient at
74 nm. kcat and Km values were obtained as for Gly-Phe-4MbNA.

ESULTS AND DISCUSSION

Cathepsin C is inhibited by millimolar concentra-
ions of Gdm1 ions. During initial studies on dena-
uration and renaturation of cathepsin C, activity was
ound to be lost in the presence of millimolar concen-
rations of Gdm1 ions. Only 10% activity remained in
he presence of 20 mM GdmCl. Sulfate, an anion
nown to counteract the denaturing effect of Gdm1

16), gave no significant protection against loss of ac-
ivity (Fig. 1). In the presence of 100 mM concentra-
ions of two other denaturants, urea and calcium ion,
athepsin C retained 95% and 80% respectively of its
ctivity against 20 mM Gly-Phe-4MbNA, strongly sug-
esting that the observed inhibition is not due to the
enaturing action of guanidinium.
The inhibition is not a common feature of enzymes

rom the papain superfamily, in that papain (assayed
ith carbobenzoxy-Phe-Arg-4-methylcoumaryl-7-amide)

etained 100% and cathepsin H, a cysteine monoamino-
eptidase, (assayed with Arg-b-naphthylamide) 90% of
ctivity in the presence of 100 mM Gdm1. These re-
ults suggest the presence of a specific site for the
uanidinium ion on cathepsin C.

Inhibition by GdmCl is not due to denaturation. In
rder to examine further the mode of action of GdmCl,
number of conformational and enzymological probes
ave been used. The peak wavelength of tryptophan
uorescence for cathepsin C is 337 nm and no shift
o higher wavelengths was found in the presence of
dmCl at concentrations less than 2 M, i.e. two orders
7

f magnitude higher than that needed for more than
0% inhibition. The linearity of the increase in fluores-
ence intensity in the plateau region is characteristic of
non-specific solvent effect (17). Attempts to renature

athepsin C from GdmCl at concentrations higher than
M, either by dilution or by dialysis, have not resulted

n regain of enzyme activity, indicating that general
enaturation is irreversible. However dialysis or dilu-
ion from 200 mM GdmCl, where complete inhibition is
bserved, led to regain of full activity, indicating that
he inhibition is reversible and distinct from general
enaturation. This conclusion is further supported by
he kinetics of inhibition which were measured by dou-
le jump experiments with stopped flow fluorescence.
qual volumes of Gly-Phe-4MbNA and activated ca-

hepsin C were premixed. After 1 second incubation,
qual volumes of the mixture and 40 mM GdmCl were
ixed. The rate of substrate hydrolysis was constant in

he interval 50 ms to 10 s at the level found above for
nzyme in 20 mM GdmCl, indicating that the inhibi-
ion by GdmCl is very fast, with a half time less than
0 ms. The possibility remains, however, that sub-
olar concentrations of Gdm1 could lead to minor con-

ormational changes, altered structural mobility of the
nzyme or loss of quaternary structure.
Near UV CD provides a sensitive fingerprint of small

hanges in tertiary interactions and dynamics. The
pectra of cathepsin C in the presence and in the ab-
ence of GdmCl (Fig. 2) did not differ significantly in
hape or intensity.
Acrylamide can penetrate into a protein and quench

he fluorescence of buried tryptophans, sensing changes
n structure and mobility (18). Iodide quenching exper-
ments show that approximately 45% of the trypto-
hans are inaccessible to solvent in cathepsin C. The
uorescence of the enzyme was measured in the pres-
nce and absence of acrylamide at a range of GdmCl
oncentrations. The fact that the ratio of the fluores-
ence in the presence and absence of GdmCl is unaf-

FIG. 1. Effect of Gdm1 ions on the rate of hydrolysis by cathepsin
. Rates were measured using 20 mM Gly-Phe-4MbNA in 200 mM
odium phosphate, 50 mM NaCl, pH 6 in the absence (Œ) and in the
resence (F) of 200 mM Na2SO4.



f
e
d

c
s
a
s

g
G
o
c
c
h
c
n
t
c
4

4
4
n
a
i
f
G

H
i
I
o
m
m
d
B
f
t

f
p
i
c
c
s
4

t
p
a
t
m

j
r
t
a
i

p
m
p

fl
d
i

h
a
m
t

Vol. 258, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ected by acrylamide (Fig. 3) argues strongly against
ven small conformational perturbations being in-
uced by the inhibitor.
The possibility that low concentrations of GdmCl

ould be causing subunit dissociation was tested by
ize exclusion chromatography in the presence and
bsence of 500 mM GdmCl. The elution volume and
hape of the peak were unchanged by guanidinium.

Substrate inhibition of cathepsin C. Taken to-
ether, the above results lead to the conclusion that
dm1 is acting as an enzyme inhibitor. Determination
f the kinetic parameters were expected to be compli-
ated in the light of the reported substrate inhibition of
athepsin C (2). When the rate of Gly-Phe-4MbNA
ydrolysis was determined fluorimetrically in a 1 3 1
m cuvette with excitation at 335 and emission at 415
m similar results to those reported earlier were ob-
ained (Fig. 4). However when monitored by the in-
rease in absorbance at 345 nm, due to the liberated
MbNA, a simple saturation curve was observed (Fig.

FIG. 2. Near UV CD spectra of cathepsin C in 200 mM sodium
hosphate pH 6 in the absence (thick line) and in the presence of 800
M GdmCl (thin line). Protein concentrations were 0.7 mg/ml and

athlength 10 mm.

FIG. 3. Effect of GdmCl on acrylamide quenching of tryptophan
uorescence. Fluorescence at 355 nm in the presence of GdmCl
ivided by fluorescence in the absence of GdmCl (FGdmCl/F0) is plotted
n the absence (h) and in the presence (■) of acrylamide.
8

). The molar extinction coefficient «335 of Gly-Phe-
MbNA was found to be '103, confirming that a pro-
ounced inner filter effect (19) is the cause of the anom-
lous fluorescence results. In the absence of substrate
nhibition in this concentration range it now became
easible to obtain meaningful kinetic parameters for
dm1 inhibition.

Effect of Gdm1 on the kinetics of substrate hydrolysis.
ydrolysis of Gly-Phe-4MbNA substrate was followed

n the presence and in the absence of Gdm1 (Fig. 5A).
n the absence of Gdm1, values for kcat of 91 s21 and Km

f 75 mM were obtained (Table I). The presence of 20
M Gdm1 in the assay led to an increase in Km to 850
M, whereas the kcat of 98 s21 was not significantly
ifferent from that determined in its absence (Table I).
ound Gdm1 thus decreases the affinity of the enzyme

or the substrate, without an appreciable effect on the
urnover number.

The inhibition constant for Gdm1 was determined
rom a Dixon plot (20), assuming a mechanism of com-
etitive inhibition. Activity was assayed at a series of
nhibitor concentrations, with constant substrate con-
entration, and 1/v plotted as a function of Gdm1 con-
entration. From the point of intersection of three
traight line plots (10 mM, 20 mM and 30 mM Gly-Phe
MbNA) a Ki of 1.5 mM was obtained.
Since the 4MbNA group spans the active site cys-

eine and is bound to the S9 sites however, it was not
ossible to resolve from this experiment whether Gdm1

ffects the binding of the Gly-Phe dipeptide moiety of
he substrate to the S1 and S2 sites, of the chro-
ophore label to the S9 sites, or both.
Use of a simple dipeptide amide as substrate enabled

ust the S sites to be studied. The aminopeptidase
eaction, in which Pro-Phe-NH2 is hydrolyzed by wa-
er, was monitored by HPLC analysis of the products
nd found to exhibit standard Michaelis-Menten kinet-
cs in the absence of Gdm1 (Fig. 5B, Table I). The Km of

FIG. 4. Influence of probe on apparent rates of Gly-Phe-4MbNA
ydrolysis. Rates determined fluorimetrically, DF/Dt with excitation
t 335 nm following the emission at 415 nm (h) and spectrophoto-
etrically, DA345/Dt (E) are plotted as a function of substrate concen-

ration.
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mM is in the range of values determined for some
ther dipeptide amides (21,22,23). In the presence of 20
M Gdm1 however, the Km value was more than 20

old greater, whereas kcat was only slightly higher than
n the absence of inhibitor. It is evident from these
esults that guanidinium ion inhibits binding of sub-
trate to the S site.

Effect of guanidinium ion on the transferase reaction.
n order to discover whether there is any similar effect
t the S9 site, the S9 and S sites of cathepsin C were
tudied separately using a transferase assay. In trans-
erase reactions catalyzed by cathepsin C the nucleo-
hilic attack of an amine on the carbonyl group of the
ctivated peptide dominates over the aminopeptidase
eaction at neutral and mildly alkaline pH (24). The
ctivated dipeptide is bound to the S1 and S2 sites,
hereas the dipeptide which acts as a nucleophile oc-

upies the S19 and S29 sites. The dipeptide amide Pro-
he-NH2 was chosen as acylating agent since peptide
mides with proline at the N-terminus are good acy-
ating agents (23,25) but cannot act as nucleophiles in
he transferase reaction catalyzed by cathepsin C (26).
he dipeptide Lys-Tyr-OH was chosen as nucleophile
ince peptides with a basic amino acid at the

FIG. 5. Effect of Gdm1 on substrate hydrolysis. (A) Hydrolysis of
ly-Phe-4MbNA measured by change of absorbance at 345 nm. (B)
ydrolysis of Pro-Phe-NH2 was determined chromatographically.
ates of reaction at each substrate concentration were determined in

he presence (E) and absence (‚) of 20 mM Gdm1.
9

ellent nucleophiles (24,25), thus binding preferen-
ially to the S9 sites. The low affinity of Lys-Tyr-OH for
he S sites has been shown by the finding that peptides
ith an N-terminal Lys are weak inhibitors of the
minopeptidase reaction (27). The fact that Lys-
yr-OH cannot form an activated intermediate with
he enzyme excludes the formation of oligopeptides
ith N-terminal lysine. The sole products of the reac-

ion therefore, Pro-Phe-OH and Pro-Phe-Lys-Tyr-OH,
ere separated from substrates on a C8 column and
uantified as described in the experimental section.
Rates of water hydrolysis and aminolysis were de-

ermined as functions of nucleophile concentration at
onstant concentration of acylating agent. Formation
f Pro-Phe-Lys-Tyr-OH was used to evaluate the trans-
erase reaction. In the absence of Gdm1, values of Km 5
1 mM and kcat 5 27 s21 were obtained (Table I) for the
ucleophile. The addition of Gdm1 led to a nearly 8-fold
ecrease in kcat but, in contrast to the aminopeptidase
eaction described above, Km was only slightly changed
Table I). The fraction of substrate undergoing amin-
lysis is independent of Gdm1 concentration (Fig. 6)
ver a wide range of nucleophile concentration. The
acts that Gdm1 markedly increases the Km of the
minopeptidase reaction while having negligible effect
n either the Km of the transferase reaction (Table I) or
he fraction of substrate undergoing aminolysis, shows
hat it does not affect the binding of the peptides bound
o the S9 sites.

TABLE I

Effect of Gdm1 on the Kinetics of Aminopeptidase and
Transferase Activities of Cathepsin C

50 mM Cl2

50 mM Cl2

20 mM Gdm1

minopeptidase (Gly-Phe-4MbNA)1

Km (mM) 0.075 0.85
kcat (s21) 91 98

minopeptidase (Pro-Phe-NH2)2

Km (mM) 8 170
kcat (s21) 58 83

ransferase (Lys-Tyr-OH)3

Km (mM) 11 6
kcat (s21) 27 3.7

1 Km and kcat were calculated from experimental data shown in
ig. 4.

2 Reductively activated cathepsin C was assayed for activity
gainst Pro-Phe-NH2 in 200 mM sodium phosphate buffer pH 7.5.
eaction rates were determined chromatographically.

3 Reductively activated cathepsin C was assayed for transferase
ctivity with 10 mM Pro-Phe-NH2 and Lys-Tyr-OH (2.5 to 150 mM)
n 200 mM sodium phosphate buffer pH 7.5. The product of the
ransferase reaction, Pro-Phe-Lys-Tyr-OH, was assayed chromato-
raphically.
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ONCLUSIONS

The activity of cathepsin C is lost at concentrations
f GdmCl lower than those which induce conforma-
ional change, subunit dissociation or altered mobility
f the enzyme. Guanidinium ion is shown to be a com-
etitive inhibitor of cathepsin C, bound to the S site.
ack of inhibition by urea points to the importance of
he positive charge for the inhibition. The negative
harge at the S site is known to be important in defin-
ng the aminopeptidase activity of cathepsin H (28).
ogether with the family resemblance of cathepsins,
he present results point to a negative charge at the S
ite being important for the dipeptidyl-aminopeptidase
pecificity of cathepsin C.
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