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A scrics of new substrates for determining the catalytic activity of cystcinc proteinases is described. The rate of hydrolysis by papain was monitored 
by a Huorcscenca continuous assay based on internal resonance energy transfer using 5-[(2-an~inoetl~yl)amino]napl~talene-I-sulfonicacid (EDANS) 
and %(4.dimcthylaminophenylar6)benzoic acid (DABCYL) as fluorescent donor and quenching acceptor, respectively. in peptides with the general 
structure: DABCY L-Lys-Phe-Gly-Xxx-Ala-Ala-EDANS. The substrates were used to evaluate the clfect of amino acid structure in the S I’ posilion 

on the kinetic parameters for papain catalyzed hydrolysis. 
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1. l[NTRODUCTION 

Resonance energy transfer [l-3], a phenomenon in 
which excitation energy is transferred from the excited 
fluorescent donor chromophore to a quenching chro- 
mophore acceptor, has been used to develop spectro- 
photometric assays for a variety of proteases [4-B]. 
Cleavage of the fluorogenic substrate produces an in- 
crease in fluorescence as the donor and acceptor sepa- 
rate, which can then be used to follow the kinetics of the 
reaction, In the present paper, we describe the utiliza- 
tion of this methodology to produce a new series of 
papain substrates with the structure: DABCYL-Lys- 
Phe-Gly-Xxx-Ala-Ala-EDANS (where Xxx = Phe, lle, 
Val, Gly, Asn, Gln; la-f). These new substrates have 
been utilized to explore the effect of substrate sequence 
in the Sl’ position (notation of Schechter and Berger [9]) 
on the kinetics specificity of papain. 

2. MATERIALS AND METHODS 

2.1, Murrriuls 
Pnpuin (EC 3.4.22.3) and Ed4 were purchased from Sigma and used 

without further purification. The substrate Na-Z-Phe-Arg-MCA (2 in 
Table I), and all Boc-amino acids were purchased from Bdchem Inc. 

Cortwpondwx address: D.H. Rich, School of Pharmacy and Depart- 
ment of Chemistry, University of Wisconsin-Madison, 425 N. Cbartcr 
St., Madison, WI 53706, USA. Fax: (I) (GOB) 262-3397. 

Abbrevictrions: Boc, rerr-butyloxycarbonyl; DABCYL, 4-(+dimcthyl- 
aminophenylazo)benzoic acid; DMSO, dimcthylsulfoxide; E-64, 
rruns-cpoxysuccinyl-~-leucylamido(4-B~nidi~~o)bu~ne; EDTA, ethy- 
ieneiiiamini?istraacetic acid; ECANS, S-[Q-aninoc:hyl)- 
amino]naphtalenc-I-sulfonic acid; Fmoc, 9+luorcnylmethoxycar- 
bonyl; HPLC, high pressure liquid chromatography; MCA, mcthyl- 
coumarylamidc; ta, retention lime; 2, benzyloxycarbonyl. 
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Syntheses of the Huorogcnic peptidyl substrates la-f were carried 
out by classical solution methods [IO]. NVerr-butyloxycarbonyl- 
protected (130~) amino acids were used in all coupling steps. The base 
labile-protecting group. 9-fluorenylmcthyloxycdrboayl (Fmoc), was 
used for the protection of the side chain of lysine, and the benzyl group 
was employed for the protection of the C-terminal carboxyl group of 
each peptidc. The Boc protecting group was removed before coupling 
by using 4 N HCI in dioxane. Pcptidc couplings were achieved by 
overnight reaction with I .3-dicyclol~cxylcarbodiimidr or I-(3.dimcth- 
ylaminopropyl)3-ethylcarbodiimide hydrochloride and I-hydroxy- 
benzotriazole in N,N-dimethylfonnamidc. After completion of the 
synthesis, the bcnzyl group was removed by hydrogenolysis in meth- 
anol. The commercially available DABCYL and EDANS groups [I I] 
were attached to the hoxapcptides with conventional condensation 
reactions, and the Fmoc group was removed from the lyaine c-amine 
group by treatment with pipcridine-NJ-dimctbylformamide (I : 1, v/v) 
to give la-f. Purilication of the crude products was accomplished by 
reverse-phase high pressure liquid chromatography. Final products 
were evaluated by analytical HPLC on a Vydac C-18 column (4.6 x 
250 mm), linear gradient over 20 min of CH,CN-0.045% TFA and 
H:O-0.036% TFA from I: I9 to 4: I and 5 min isocratic at 4: I, flow rate 
I .2 mllmin, detection at 254 nm; t p 17.9 min (le in Table 1); 17.7 min 
(lb); 17.1 min (1~); 16.1 min (Id); 16.1 min (If); 16.3 min (If). The 
integrity of each purified peptide was determined by FAB mass spec- 
tromctry, and the observed molecular mass was found to agree with 
lhc cnlculated values. 

2.2. Merlrolls 
Fluorescence was monitored by using a Perkin-Elmer fluorescence 

spectrometer model MPF-4 equipped with a Xenon Power Supply IS6 
and a rccordcr model 56. Papain activity was assayed with NW-Phc- 
Arg-MCA at pH 6.45 according to the method of Barrett et al. [l2]. 
The fluorescence of 7-amine-4.msthylcoumarin liberated from the 
substrate was monitored at 458 nm with excitation at 370 nm. The 
active concentration of papain was determined by active site titration 
with E-64 for 30 min at 30°C as described [12]. 

Hydrolyses of fluorogcnic substrates la-f by papain were moni- 
tored at 30°C in I cm cuvettes. The poorly soluble substrates were 
disso!sed in DMSO and diluted wi!!! buffer; final concentration of 
DMSO was ~2%. All reactions were conducted in 0.4 M phosphate 
buffer (pH 6.45); dithiothrcitol(8 mM) and EDTA (4 mM) wcrc also 
present. The excitation wavelength was 336 nm and the emission 
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wavelcnpth was 472 nm with a slit of 10 nm. All pcptides were cleaved 
at one site, which was identified by analytical HPLC of \hc producls. 

The rake of Ruorcscent substrate hydrolysis was computed from a 
non-linear least squares fit or enzyme kinetic data [ 131 using a home. 
made program. For each substrate in Table I, the initial velocities’ q, 
were determined in triplicate and these values were used to compule 
the Michaelis-Mcnten constant (K,,) and the turnover constant (k,,,) 
as described. 

3. RESULTS 

Papain digestion of substrates la-f was followed by 
monitoring the increase in the fluorescence of the pep- 
tide moiety H-Xxx-Ala-Ala-EDANS (where Xxx = Phe, 
Ile, Val, Gly, Asn, Gln) at 472 nm upon excitation at 
336 nm. The difference between the fluorescence in- 
tensity at 472 nm obtained from the exhaustive enzymic 
digestion of the substrate and the fluorescence intensity 
of the unhydrolyzed substrate was used as the reference. 
The rate of increase in fluorescence was directly propor- 
tional to the amount of substrate concentration. The 
fluorescence enhancements of substrates after hy- 
drolysis ranged from 19 to 49. The increase in fluorcs- 
cence intensity observed for Ile (49), Asn (46), Gly (34) 
and Glu (28) suggested that these substrates adopt 
folded conformations in solution since fluorescent 
quenching is related to distance in accordance with the 
equation formulated by Forster [14]. 

Table I shows the kinetic parameters for the hy- 
drolysis of the new fluorogenic substrates la-f. Parti- 
tion coefficients (1ogP) for each amino acid side chain 
in the Pl’ position were calculated from atomic incre- 
ments by using the values reported by Ghose and 
Crippen [ 161. 

Phe 4.9* 1.9 1.9f I.1 x105 263x 105 2.383 

UC l.Jf0.2 3.0*:.2r10.5 5.06x lti 1.932 

Yd 2.4 f0.G 1.1 f0.6~ IO’S 2.22~ l@ I .470 

GlY 3.3 2 0.3 7.6 f 2.1 I 10’6 4.32 x 105 0.242 

an 3.12 0.3 858 t 1.8 x 106 4.32 I lo5 - 0.396 

ASfl 4.G f 0.G 9.9 f 2.8 I 106 4.M I 103 .0.858 

ma\ 5226 0,4tO.l x 10’3 1.2On 10’ 

4. DISCUSSION 

Many cysteine proteinases hydrolyze protein sub- 
strates in vivo and therefore recognize and cleave ex- 
tended peptide sequences found in the natural sub- 
strates. However, most systematic kinetic studies of the 
effect of substrate sequence on kinetic parameters of 
cysteine proteinases have employed chromophoric pep- 
tides (e.g. substrate 2), which have been designed for 
liberating the chromophoric aromatic group. Although 
these substrates have proven to be extremely valuable 
for characterizing many cysteine proteinases, by their 
design they cannot provide information about the 
effects of peptide sequence in the pritne region of sub- 
strate (Pl’, P2’, . ..) that could interact with the corre- 
sponding prime region of the enzyme (Sl’, S2’, . ..) [9]. 
We were interested to evaluate if variations of the Pl’- 
P3’ positions of substrates for cysteine proteinases 
might affect the kinetic parameters for substrate hy- 
drolysis, and thereby gain information relating to sub- 
strate specificity for members of this class of enzyme. 

Fluorescence resonance energy transfer is a useful 
method for continuous assay of protease activity that 
has been employed to develop substrates of other 
proteases [4-83. Cleavage of the substrate results in a 
relief of fluorescence quenching, which is directly 
proportional to the concentration of the tluorophore. A 
major advantage of this approach is that it permits 
systematic modification of both portions of the peptide 
substrates that interact with the enzyme, and therefore 
provides information not attainable with substrates 
used previously to characterize these proteases. For 
these reasons, we developed a new series of substrates 
for cysteine proteinases by attaching the recently de- 
scribed fluorescent donor (EDANS) and quenching ac- 
ceptor (DABCYL) [7] to the C- and N-terminus of the 
peptide substrates. 

The choice of the oligopeptide sequence, H-Lys-Phe- 
Gly-Xxx-Ala-Ala-OH (where Xxx = Phe, Ile, Val, Gly, 
Asn, Gin) was guided by the available data on the spe- 
cificity of papain [17-191 and the requirement that only 
a single peptide bond (Gly-Xxx) be split by the enzyme. 
The subsite S2 of papain is known to preferentially bind 
hydrophobic amino acids; phenylalanine is one of the 
best amino acids for inserting into the P2 cleft [20]. 
Glycine was placed at Pl since the Sl bindingsiteSl(P1) 
is relatively non-selective in papain [17-201 compared to 
other proteases and glycine fits quite well at this site. 
Analysis by HPLC of the products obtained upon hy- 
drolysis established that cleavage occurred between the 
Gly-Xxx bond as expected. The data obtained (Table I) 
indicate that hexapeptides la-f have k,,,lK,,,values simi- 
lar to the k,,lK,,,value reported for the methylcoumaryl- 
amide substrate 2 fl5]; however, 2 is hydro!,yzed faster 
and has a higher Michaelis-Menten constant. 

Attempts to correlate physical-chemical parameters 
of substrates with the enzymatic activity of papain have 
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shown that this is a multivariate problem [21], In 1974, 
Alecio et al. [22] using a series of N-benzyloxycarbonyl- 
glycyl+amino acid amides suggested that papain pre- 
ferred hydrophobic residues in the Sl’ subsitc. Follow- 
ing on this suggestion, we evaluated the relationship 
between the hydrophobicity of the amino acid side 
chains in PI’ and the kinetic parameters of the corre- 
sponding substrate. As expected from previously 
reported data [21] no correlation equation was found 
for K,,, or k,,lK,,, using a single parameter. However, for 
substrates lb-f the turnover constant linearly correlates 
with the logarithm of the water-octanol partition coeffi- 
cient (IogP). This relationship between k,;,, and IogP 
shows that the reactivity of the enzyme increased by 
decreasing the hydrophobic nature of the amino acid in 
the Sl’ position for the non-aromatic series of sub- 
strates; in fact. the X-,,, of Asn substrate If is equivalent 
to the k,,, of Phe substrate la for this enzyme, These 
results suggest a complex relationship between structure 
and kinetic parameters and confirm that multiple fac- 
tors beyond hydrophobic interactions affect the kinetic 
parameters for papain-catalyzed hydrolysis of sub- 
strates. 

In summary, we have shown that the resonance en- 
ergy transfer method can be used to develop new sub- 
strates for cysteine proteinases. This method also per- 
mits systematic evaluation of the effect of structural 
changes in the prime region of protease substrates on 
kinetic parameters. The application of these substrates 
to other cysteine proteases is currently under investiga- 
tion. 
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