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Clostripain: characterization of the active site
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In view af the prabmbnluy that clastripuin (EC 34.22, a) I8 fundamentally different in strueture fram ather knawn cyxleine gndopepliduses, il wid
of interest (o examing the charucteristies of the active site. 2-Phe-Lys-CH,S(CH,), irreversibly und rupidly inactivated clostripain, and leupeptin
wug found e be the miest patent reversible inhibitor yet reported far the enzyme. Closiripain was inhibited weakly by some pretein inhibitors
of serine endopeptiduses, und required Cul™ for stability and activity, Mgt” and Si* were ineiTective. Rupid inactivation by diethylpyrocarbonate, -
reversed by hydrmylammﬁ. indicated that histiding is essential for wmlyuc activity. Clastripain was mare rapidly inactivated by mdoucemmndc
‘ than by iodaaceuite, with unique pH-dependences af reaction.

Cysteine endopepudum. C’Ia.urlclmm histoly u'mm. Enzyme inhibition; Essential hmidme

2. EXPERIMENTAL
2%, Materlals

1. INTRODUC’FION

Clostnpam (EC 3.4, 22 8) is a cysteine endopepndme ‘

released into the culture medium of the anaerobic
bacterium, Clostridium histolyticum. Structural studies
of clostripain [I=3] have shown that the molecule is
composed of two polypeptide chains, M. 43000 and
15400, associated norcovalently [3]. The complete
amino acid sequence has not been reported, but Cys*!
in the M; 43000 chain has been identified as the essen-
tial cysteine residue {4]. ‘

Most of what is known about the biochemistry of the
cysteine endopeptidases has been learned from work on
papain (EC 3.4.22.2) and its homologues. However,
the sequence data available for clostripain indicate that
this enzyme is a representative of a distinct evolu-
tionary line. In view of this, it is of interest to compare
the active site of clostripain to those of the papain-
related enzymes. Accordingly, we have examined the
enzyme in regard to activation by Ca?*, sensitivity to
reversible inhibitors, inactivation by covalently reacting
inhibitors, and the pH-dependence of rates of reaction
with iodoacetate and iodoacetamide. -
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Clostripain was purchased from Worthington, Z-Phe-Arg-NHMec
was from Bachem Feinchemikalien  and ‘diethylpymcarhonmc.‘
leupeptin, antipain, benzamidine, aprotinin,. soybean. Kunitz 'in-

 hibitor, soybean Bowman-Birk inhibitor and limabean trypsin in-.

hibuor were from Sigma,

2.2, Z Phe-Lys- C”}S(Cf’f,l}:, BF,

Z-Phe:Lys(Boe)CHaBr was reacted with dimethyl sulphnde in hot
benzene as described for Z-Lys(Boc)CHaBr [5) yielding the biocked
dimethy!. sulphonium bromide, m.p; 143~144.5°C (80%). The
bromide was converted to the BFF salt by treatment of a solution in
chloroform with a small volume of saturated aqueous potassium car-
bonate with stirring at room tcmpcrmurc for 15 min. The organic
layer was dried with solid potassium bicarbonate and the filtrate
taken to dryness. The residue was. dissolved .in tetrahydrofuran
(10 ml) and treated with HBF, (1 ml) for removal of the Boc group.
After 4 h at room teimperature the solvent was removed and the
residue crystallized from. ethanol and ether, yielding ”10 mgy m,p.

- 156~158°C.

Analysis: Calculated for CasH3N048BaFy (661,3): C, 47.22; H,
5.64; N, 6.35; found C, 47.36; H, 5.69; N, 6.46. ‘

2.3, Assays
The enzyme was preactivated in 8 mM dithiothreitol for 20 min at

+0°C, and then added to the 3.0 ml reaction mixture for continuous

fluorimetric assays with Z-Phe-Arg-NHMec (10 #M) as substrate at
40°C, The buffer was 20 mM Tris/HCl, containing 10 mM CaCl,,

. 0.005% Brij 35, 2 mM dithiothreitol, pH 7.5, The fluorimeter was

controlled, and data collected and analysed, by use of the FLUSYS
software package [6], Molar concentrations of active clostripain were
determiried by stoichiometric titration of the activity with Z-Phe-Lys-
CH,S(CH3)z. The commercial enzyme preparation. was found to be
21% active, on the basis of an assay of protein [7].- Analysis by
SDS/PAGE {8} showed it to be essentially homogeneous (bands of
approx. 40000 and 13000 M), and it was used without further
purification.

2.4. Determination of K; values -~

For the determination of Kj, the rate of substrate hydrolysis inthe
absence of inhibitor was first recorded, and then the mhlbnor was
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anleded o neligible volinme and (he mew steddy viate was manitoral.
Nownslineat regressin adalyh of the replot of fractional setivity v
{1} (Enefivter, Bisevier-Biovalt, Cambridge, England) gave Ki Con:
sl experimenis showed that the condition [S) & K way ey, vo
no mrrmiau for nw of l’m af mtmmw on abserved K was n«dﬂt.

2.3, Rav cmwmmx Jor irrevmilw Haetivation v :
Rates of inastivatian were messured tmder pwudwl’ml-mder SRR
divions, with (1) ® {B]. For mensurenvemis with lodoacatate aod
tedoacetamidie, (he ereyme was preactivated in & mM dithiethrehal,
ancd vhen diluted so that the fingl reaction misture contained only
90 M dithiothreitol, & concenirution that way far badow that of (e
alkylating sgent. The reaciions werg caeried aut ar 29°C In 0.8 M
sodium acelate (pH 4.92=5.58), MES tpH- £.39-7.285 o¢ Triv/HCI
(pH % os -5,03) buffer. The concentrations of redctants were varied

with ;ln. 16 Fuciliate U sduraie masirement o of ratey, bisthe “‘“"B

0.17=1.78 nM  for “clostripaln, - 1=3 mM  for Iudomv:mle. ,nnd
0.3=1 mM for ladoaceramide. Apparent rate constants (Kuw) for his
getivation were found by nonsinéar regressian analysiy of the aps
parent pscudo-firstarder curves of inactivation [6.9), Riupm wus
ealeulated as Kt (i}

3. RESULTS AND DISCUSSION

3.1. Acrivation by Ca’*

Clostripain was dissolved in 10 mM EDTA, and
dialysed against 50 mM Tris/HC! buffer, pH 7.5, for
24 h. The enzymc then showed no acnvuy in an assay
without Ca**. With 10 mM Ca?*, it progressively
regained just 27% of the original activity, the process
being complete within 10 min. Below | mM Ca**, the
amount of activity regained. was dependent upon
[Ca?*], with half-maximal acuvny being produced by
0.195 mM Ca®*. Mg?* and Sr** caused no activation at
10 mM or lower concentrations.

We conclude that Ca** stabilizes clostripain, conhr-
ming the early work of Labouesse and Gros [10}. Ca®*
also activates clostripain in a rather slow process with
_half-maximal activity being achieved at a metal ion

concentration of about 0.2 mM, This affinity is of an_

order similar to that of some forms of calpain [11].

3.2. Reversible inhibition
Table I shows the K; values for reversible inhibition
of clostripain. The most potent inhibitors were the pep-
| Table 1

K values for reversible ‘inhibitors of clostripain

Ki (M)
Leupeptin © 037
Antipain . ‘ 0.58
Chymostatin. | 9.2
Compound E-64- . ‘ 17
Benzamidine ‘ 240
Soybean Kunitz inhibitor ‘ ‘ 25
Aprotinin ‘ - 28
Soybean Bowman-Birk: inhibitor >200
:Limabean trypsin inhibitor ‘ 290
Chicken ¢ystatin S 520

Inhibition constants were determined at ‘pH 7.5; 40°C, as described
in section 2,
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tide aldehydes, teupcpﬁn and nmimin. both. at’ whieh:
contain the arginine sidechain in P1 [12]; chymostatin,
which lacks this, was bound much more weakly, Pro- -
tein inhibitors of vome serine endopeptidases, with
sither lysine tsoybean Kunitz inhibitor, aprotinin, lima
bean trypxin luhibitar) or arginine (soybean Bowman-
Birm inhibiter) in P! were significant inhibitors of

clostripain, although the K, values were mugh higher

than for trypsin. Unlike its behaviour towards
substrates, clostripain did not appear to diseriminate in.
favour of arginine over lysine in thix series of inhibitory .
proteins, Chicken eystatin, a tight binding proteln in-
hibitor of papain and related cysteine endomnudases
[13], inhibited f:lastnpﬁm weakly.

3.3. Inactivation of t'loslripum by diwh,ylp,wmar-
bonate

Histidine contributes to the eutalync mechanism of
all endopeptidases of cysteine, serine and metallo-type
that have so far been thoroughly characterized, but no
direet evidence has yet been provided of a role for.
histidine in clostripain, Experiments were therefore
made with a specific modifier of h;sndme, diethylpyro-
carbonate (14]).

Diethylpyrocarbonate (as a 100 mM cth'mohc solu-

tion) was introduced to a final concentration of 330 xM

into a continuous assay of clostripain (0.174 nM) at
40°C in 0.1 M Tris-HCI buffer, pH 7.5, containing
10 mM Ca** and 0.1 mM dithiothreitol. There was an’
¢ssentially instantaneous, complete loss of activity. In-
troduction of hydroxylamine hydrochloride into the
cuvette (to 6.6 mM) resulted in the rapid recovery of
85% of the original activity (not shown). Control ex-
periments confirmed that there was no inhibition by
ethanol alone, or activation by hydroxylamine in the.
absence of diethylpyrocarbonate. ‘

- These results indicate that one or more histidine

" tesidues are essential for the activity of closttipain [14].

Diethylpyrocarbonate is.- known to- react non-
specifically with cysteine residues, but extremely slow-
ly, and the adduct is stable to hydroxylamine [15].

Table 11

Second order rate constants for inactivation of Llosmpam by
covalently reacting reagents

Compound Rate constant Reference
. (M-l ‘s-l)
Tos-Phe-CH;Cl 46.7 [24)
Phe-Ala-Lys-Arg-CH:Cl! 1.86 % 108 [25]
. Phe-Ala-Lys-Arg-CH>CH:Cl 1.0l x 107 [25)
D-Phe-Pro-Arg-CH.Cl 4.5 % 10* [25]
D-Phe-Pro-Arg-CH,CH:Cl 1.4 % 108 [25]
Z-Phe-Arg-CHNa 8.6 x 10° " [26]
Tos-Lys-CHCl 8.7 x 10* " [24]
Z-Lys-CH2S*(CHs), 1.66 % 10° R |
" Z-Lys-CH»S8*(CH;)CHaPh 1.07 % 10° ‘ 5]
Z-Phe-Lys-CH,S*(CH3)2 1.4 %
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3.4, Other  covalenily

reacting
clostripain ‘

The rate constant for inactivation of clostripain by

Z-Phewhys-aﬁxsmﬂ N was found to be 14 x
10* M™' 4™, distinetly higher than the values reported
for two similar sulphonium salts lacking the adduimml
phenylalanine (Table 1),

Compeund E-64, which inactivates most cysteine en- |
dopeptidases vapidly and irveversibly [16], was feund to

give only reversible inhibition of clostripain (K 17 aM).
It may well be that the arginine-like sidechain of E-64,

which binds in P2 of papain {17] is bound by clostripain

in a mode that is unproductive for any covalent reac-
tion. Also, in view of the low reactivity of iodoacetate
with clostripain (see below), we speculate that the car-
boxyl group of the rrans-epoxysuccinyl moiety of E-64,
which facilitates the reaction with papam by an interac-
‘tion with the active site imidazolium ring [17], would
not similarly favour the reaction with clostripain.
The rate constants for inactivation of clostripain by
iodoatetate and iodoacetamide were determined at pH
7.5 and 25°C., The results are presented in Table I, in

comparison to literature values for those for several
other c¢ysteine endopeptidases obtmncd under slightly

different conditions.

Papain and most of its homologues react much more
rapidly at acidic and neutral pH with iodoacetate than
with iodoacetamide [18]). Two members of the papain
superfamily, stem bromelain and glycyl endopeptidase
(previously. known as papaya proteinase 1V) are
unusual in’ their slow  reactions with ‘lodoacetate
{19,20], but even for these the reaction is faster than for
iodoacetamide. The enhanced rate with iodoacetate has
been attributed to favourable alignment of the carbox-
ylate of the alkylating agent with the imidazolium ion
of the active site histidine [18]. In contrast, clostripain
reacted about 6-fold faster with iodoacetamide than
with iodoacetate. This behaviour is reminiscent of that
of simple thiols [18], thiolsubtilisin (the derivative of

Table 111

Rate constants for inactivation of ¢lostripain by iodoacetate and
iodoacetamide, compared with litérature values for other cymme‘
cndopepudascs

lodo: lodo- Ratio®
acetate . acetamide

Bean endopeptidase (pH 6.5,

125°C) [22] ‘ 0.11 20 181.82
Thiolsubtilisin' (pH 7.5, 25°C) [21] 0.84 6.3 1.5
Clostripain (pH 7.5, 25°C) 0.7% . 5.2 6,58
Stem bromelain (pH 6.8, 40°C)

9y 17 ss 0.31
Glycyl endopeptidase (pH 6. 8

30°C) [20] 2.3. 0.5 - 023
Papain (pH 6.8, 30°C) [20] 1000 46 - 0,05

2 Caleulated as the rate constant for inactivation with iodoacetamide
divided by that with jodoacetate
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Fig. 1. pH-dependence of the rates of inactivadon of clostripain by
iodoaceramide and iodoncetate, Apparent pseudo-first-order curves
of inactivation were obtalned in the presence of 90 #M dithiothreito!
at 25°C as described in siction 2. The rate constants for inactivation
were found by non-linear regression analysis, giving Ko, kmpm was
caleulated as Kops/[1], The experiments were performed .in:- (m)

acerate; (0) MES; (A) Tris, buffers, ‘

subtilisin in which the active site serine has been replac--
ed by cysteine: [21]), and of a cysteine endopeptidase
from germinating bean seeds [22]. Such behaviour sug-
gests that a thiolate-imidazolium ion pair exactly like
that of papain does not exist in clostripain, and is not
obligatory for effective catalysis by a cysteine-type en-
dopeptidase,

3.5. pH dependence of the reaction of clostripain with
iodoacetate and iodoacetamide
The profiles for pH dependence of the rate constants:

~for inactivation of clostripain by iodoacetate and

iodoacetamide are shown in Fig. 1. An asymmetric

~ bell-shaped profile was obtained with iodoacetamide,

with a maximum at pH 7.5. (The enzyme was unstable
below pk S and above pH 9.) In contrast, papain has
been shown to exhibit a double sigmoid curve wnh two
pK values of 4.05 and 8.5 [23]." :

The profile for inactivation of clostripain by
iodoacetate was more complex, indicating the existence
of two reactive species associated with the active site.
There was a bell-shaped profile in the range pH 6-8,
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wi:h a maximum near pH T A.t lower pH values, the
rate of alkylation inereased, glving another fate max-

imum at. pH 5 Such a pﬂ rate profile has not been
observed previously for any cystaing endomptidaxe,

The pH dependence of alkylation of papain with

iodoacetate iz a bell-shaped curve, with a rate max-

imum at pH 6.0, governed by pK values of 3.6 and 8.3

'Cathepsm B has an unusual profile, with a single rate
maximum at acidic pH (about 4) controlled lmgc!y by‘

a group with pK 5.5 [23].

The unigue nature af the pH- rAte CUrves of r.losm-
pain with the two alkylating agents is evidence that the
ionie state of the active site is governed by groups for

‘which there are no parallels in the other cysteine ens

_dppepndases that .hgve been studied.
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