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Revisiting the S2 specificity of papain by structural analogs of Phe
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Abstract Papain characteristically has a strong preference for
encoded L-aromatic amino acids (Phe > Tyr) at P2 position. We
re-examined papain S2 specificity using structural analogs of
Phe, in fluorogenic substrates of the series: dansyl-Xaa-Arg-Ala-
Pro-Trp (Xaa = P2 residue). Kinetic analyses showed that the S2
pocket accommodates a broad spectrum of Phe derivatives.
Papain is poorly stereoselective towards Dns-(p/L)-Phe-Arg-Ala-
Pro-Trp and binding is not critically affected by replacement of
the benzyl ring by the non-aromatic lateral chain of cyclo-
hexylalanine. The K,, was significantly improved by mono- and
di-chlorination of Phe, or by its substitution by an electro-
negative group-like NQO,, but the specificity constant was
unchanged. Shortening or lengthening the side chain by adding
or removing a methylene group impairs the P2/S2 interactions
significantly, as do constrained structural analogs of Phe.
Incorporation of benzyl-substituted phenylalanyl amino acid
could help to design peptide-derived inhibitors with greater
affinity and bioavailability.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Papain, obtained from the latex of Carica papaya (EC
3.4.22.2), is the archetype of the C1 family (clan CA), the
best known family of cysteine proteinases [1]. The enzyme is
a monomeric endopeptidase whose active site lies at the inter-
face between the R- and L-domains [2]. Two conserved cata-
lytic residues, the highly nucleophilic Cys-25 and His-159, are
mainly involved in its activity, which is optimal at slightly
acidic pH [3]. Other residues, such as Asn-175 which is hydro-
gen-bonded to the protonated side chain of His-159, keeping
the imidazolium ring in a favorable orientation, and Gln-19
which takes part in the formation of the oxianion hole, play
critical roles in catalysis [4]. The substrate forms hydrogen
bonds with residues of the active site cleft and binds in an
extended conformation [5]. The crystal structure of papain in
complex with a chloromethyl ketone substrate analog reveals
that the P1 side chain faces the solvent, whereas the P2 side
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Abbreviations: Cha, cyclohexyl-alanine; Phg, phenylglycine; Hof,
homophenylalanine; 4-Cl-Phe, 4-chloro-phenylalanine; 3,4-Cl,-Phe,
3,4-dichloro-phenylalanine; 4-NO,-Phe, 4-nitro-phenylalanine; Aic,
2-amino indane carboxylic acid; Tic, (3S)1,2,3,4-tetrahydro isoquino-
line 3-carboxylic acid; AMC, 7-amino-4-methyl-coumarin; DCCI,
dicyclohexylcarbodiimide; Dns, dansyl; HOBt, hydroxybenzotriazole;
MALDI-TOF, matrix assisted laser desorption/ionization-time-of-
flight; pNA, para-nitroanilide; Rink amide MBHA resin, (4-(2',4'-
dimethoxyphenyl-Fmoc-aminomethyl-phenoxyacetamido-norleucyl)-
4-methylbenzhydrylamine) resin

chain contacts the papain surface inside an enclosed cavity [6].
Several approaches have been used to study papain specificity
since the original work by Schechter and Berger [7], including
kinetic and structural analyses of the hydrolysis of synthetic
ester or amide substrates and protein substrates [8—12], as well
as site-directed mutagenesis of residues of the catalytic site
[13-15]. It is now clearly established that the specificity of
papain is predominantly determined by P2/S2 interactions.
Unlike lysosomal cathepsin B, papain has a pronounced pref-
erence for bulky hydrophobic or aromatic residues such as
Phe in P2 position, which is sandwiched between the side
chains of Val-133 and Val-157 at subsite S2. This preference
is thought to be due to the presence of a seryl residue at
position 205 in the bottom of the S2 binding pocket, instead
of a glutamic acid in cathepsin B [16].

However, most of these kinetics studies have been per-
formed using encoded amino acids. We have now introduced
structural analogs of Phe into position P2 of fluorogenic sub-
strates with resonance energy transfer properties and used
these substrates to further investigate the S2 subsite specificity
of papain. Determination of the ability of papain-like cysteine
proteinases to accommodate unencoded amino acids in their
S2 binding pocket may provide valuable information for the
improving specificity and/or bioavailability of inhibitors of
papain-like enzymes.

2. Material and methods

Unless otherwise stated, all Fmoc-protected amino acids were of the
-configuration and were purchased from Neosystem (Strasbourg,
France) or Advanced ChemTech Europe (Brussells, Belgium). Dicy-
clohexylcarbodiimide was obtained from Sigma-Aldrich (St Quentin le
Fallavier, France) and hydroxybenzotriazole (HOBt) from Novabio-
chem (FranceBiochem, Meudon, France). Papain was purchased from
Boehringer-Mannheim (Germany). Z-Phe-Arg-pNA was from Nova-
biochem. L-3-carboxy-trans-2,3-epoxypropionyl-leucylamido-(4-guani-
dino)butane (E-64) and DL-dithiothreitol (DTT) were from Sigma-
Aldrich. All other reagents were of analytical grade.

2.1. Peptide synthesis

Substrates were synthesized as peptidyl amides by Fmoc solid-phase
chemistry [17], using a Rink Amide MBHA resin (0.1 mmol equiva-
lent) (Novabiochem). The first four residues RAPW (10 eq.) were
coupled on an automated solid phase peptide synthesizer (ABI model
431A, Perkin Elmer, Roissy, France). The resin was then divided into
portions and various structural analogs of Phe (see Fig. 1) were added
to this 4mer sequence. Coupling was done manually for each amino
acid (4 eq.), in the presence of DCCI (4 eq.) and HOBt (2 eq.) in
dichloromethane. The N-terminus was deprotected and peptides were
dansylated by incubating them with dansyl chloride (3 eq.) in 0.2 M
carbonate-bicarbonate buffer, pH 9.5 for 24 h [18]. Each step was
checked by colorimetric assays with ninhydrin (Kaiser test). Peptidyl
amides were deprotected, cleaved from the resin and purified by semi-
preparative reverse phase chromatography (Aquapore octyl 20 um
column, Brownlee-Perkin-Elmer) using a 30 min linear (0-90%) ace-
tonitrile gradient in 0.1% trifluoroacetic acid. Peptides were checked
for homogeneity by analytical RP-HPLC (Brownlee CI18 OD 300
column) using the elution conditions indicated above and then ana-
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lyzed by MALDI-TOF mass spectroscopy (Briiker). The experimental
data were compared to theoretical molecular weights (MacPromass
software, Beckman Research Institute). Results are: (I) calculated
molecular weight: 908.1, found molecular weight: 908.5; (II) 908.1,
908.9: (III) 914.1, 915.0: (IV) 894.1, 895.4: (V) 922.1, 922.6: (VI)
925.1, 925.1: (VII) 943.1, 943.6: (VIII) 978.1, 978.6: (IX) 953.1,
953.3: (X) 920.1, 921.9: (XI) 920.1, 921.5.

2.2. Kinetic measurement

Papain, in assay buffer (0.1 M phosphate buffer, pH 6.0, containing
2 mM DTT and | mM EDTA), was activated for 5 minutes at 37°C
prior to kinetic measurements. The enzyme active site was titrated by
E64, using Z-Phe-Arg-AMC as substrate [19].

2.2.1. Determination of k.qu/K,,. The hydrolysis of the intramolec-
ularly quenched fluorogenic substrates was monitored with the exci-
tation monochromator set at the wavelength for tryptophan absorp-
tion (290 nm) and the emission monochromator set at the wavelength
for dansyl emission (550 nm) (Kontron SFM 25 spectrofluorimeter).
Second order rate constants (k.../K;,) were measured by carrying out
the experiments under pseudo first order conditions (substrate con-
centrations: 5-10 uM) and running Enzfitter software (Biosoft, Cam-
bridge, UK) as described elsewhere [20]. Experiments were performed
in triplicate and the data are reported as means+ S.D.

2.2.2. Determination of the Michaelis constant (K,). Enzyme as-
says were carried out with two competing substrates, whose hydrolysis
products could be measured independently. Under these mixed alter-
native substrates conditions, each substrate acted as a competitive
inhibitor of the other (see Eq. 1) [21], and K, values of intramolec-
ularly quenched fluorogenic substrates were obtained by measuring
the dissociation constant (K;) towards a chromogenic substrate of
papain. Assays were carried out by adding papain (13 nM) to a
mixture of Z-Phe-Arg-pNA (200 uM) (K, =140 uM) [9] and a fluo-
rogenic Phe analog containing peptide (0-200 uM). The hydrolysis of
Z-Phe-Arg-pNA was monitored at 410 nm (spectrophotometer Hita-
chi U-2001) with less than 5% of Z-Phe-Arg-pNA hydrolyzed. The
relative velocity of the enzymatic reaction is described by the follow-
ing equation [21]:

Vi/Vo:( 1n+S)/( m( +1/Ki)+S)‘ (1)

with: v;: initial velocity at a given substrate concentration with dan-
sylated peptide, v, : initial velocity at the same substrate concentration
without dansylated peptide, K, : Michaelis constant of the substrate,
S: chromogenic substrate concentration, /: dansylated peptide con-

centration. ) )
The K; value corresponds to the Michaelis constant of the dansyl-

ated Phe analog containing substrate used as a competitor.

2.3. RP-HPLC analysis

Papain (0.275 uM) was incubated with peptides (100 uM) in acti-
vation buffer at 37°C for 1 h (final volume: 30 pl). The reaction was
stopped by adding 100 ul ethanol to precipitate the papain. The super-
natants containing the native peptide and/or its proteolytic fragments
were evaporated and redissolved in 0.1% TFA. An aliquot of each
sample was fractionated by reverse phase chromatography on a C18
OD 300 column (Brownlee), using a 20 min linear (0-90%) gradient of
acetonitrile in 0.1% TFA at a flow rate of 0.2 ml/min. Proteolysis
products were identified by comparison with native peptidyl amides
and the elution profiles were analyzed by Spectacle software (Thermo-
Quest, les Ulis). Cleavage sites were located by N-terminal sequencing
(ABI 477A sequencer, Perkin-Elmer).

3. Results and discussion

We have carried out a systematic kinetic characterization of
the S2 binding site specificity of papain using a series of sub-
strates with resonance energy transfer properties and contain-
ing structural analogs of phenylalanine in position P2. These
substrates were N-terminally dansylated (Dns) and had a
common framework (Dns-Xaa-Arg-Ala-Pro-Trp), where
Xaa =Phe analog. Residues at P1, P1’ and P2’ were chosen,
based on previous reports [9,20]. Determination of ke../Ky,
values were based on the transfer of excitation energy occur-
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ring between the Trp indole ring (emission wavelength =
334 nm) and the dansyl group (absorption band =335 nm),
due to their spatial proximity in the intact peptide [22]. The
papain-catalyzed cleavage of fluorescent substrate can be
therefore monitored by the increase in fluorescence at
340 nm or by the decrease in fluorescence at 550 nm (Dns
emission). The enzymatic reactions were monitored by record-
ing the decrease in fluorescence at 550 nm to avoid back-
ground fluorescence from the Trp residues in papain (see Sec-
tion 2). The enzyme concentration has no significant effect on
the dansyl fluorescence under these conditions [11]. Low sub-
strate concentrations (micromolar range) were used ([S] < Kj,)
to obtain first order conditions [11,23].

Two hydrolysis products were generated from each peptide
substrate upon incubation with papain (Fig. 2). The one
which absorbed at 320-330 nm was the N-terminal dansylated
fragment (Dns-XaaR). Its retention time depended on the
nature of the amino acid Xaa. The second peak had the
same retention time (11.54 min) for compounds I-XI and
was the C-terminal APW (Fig. 2). Cleavage occurred at the
Arg-Ala bond, demonstrating that introduction of Phe struc-
tural analogs in P2 does not affect the substrate positioning in
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Fig. 1. Molecular structure of the Xaa side chain of substrates [-XI
of the series: dansyl-Xaa-Arg-Ala-Pro-Trp. (For the listed code cor-
responding to Phe analogs: see abbreviations).
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Fig. 2. Reverse phase HPLC and absorption spectra of the products
of papain-catalyzed hydrolysis of Dns-Aic-Arg-Ala-Pro-Trp. (A)
Peaks a and b were proteolysis products, while peak ¢ was identified
as the native peptide (compound X). (B) Peak a corresponds to the
C-terminal peptidyl-amide Ala-Pro-Trp, while peak b is the N-termi-
nal fragment Dns-Aic-Arg.

the active site. No further cleavage was observed even after
completion of the hydrolysis.

The second order rate constants (ke./Ky,) and Michaelis
constants (K),) show that the papain S2 pocket can accom-
modate most of Phe derivatives in position P2 (Table 1). Dns-
(L)-Phe-Arg-Ala-Pro-Trp and Dns-(p)-Phe-Arg-Ala-Pro-Trp
bound to papain with the same K,,. However, the index of
stereochemical selectivity I (Iys = (keat/ Kin)L/(keat/ Kiy)D) for
the two enantiomeric forms was 6.4, indicating that only the
efficiency of the chemical reaction is affected by the inversion
of chirality. Although the S2 subsite of papain has long been
claimed to be highly stereoselective [7], some studies have
shown that the P2/S2 stereoselectivity may depend greatly
on the nature and chemical reactivity of the substrate. Hanzlik
et al. [24] reported an Iy of eight for the papain-catalyzed
hydrolysis of N-acetyl-Phe-Gly-ONp, whereas the I for cor-
responding p-nitroanilide derivatives (N-acetyl-Phe-Gly-pNA)
was 330 [25]. A small, 5-fold, difference in K; values was also
reported for enantiomeric forms of peptidyl aldehydes [26].
According to Brocklehurst and co-workers, the a-benzyl
side chain of L-Phe fits very close to the side chains of Val-
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133 and Val-157 in the S2 subsite of papain, while that of the
p-form is closer to the protein-solvent interface [27].

An aromatic ring on the Xaa side chain at position P2 is
not essential for interaction, since the non-polar bulky group
of Cha still binds to papain without any critical change in the
specificity constant (Table 2). This Cha containing substrate
has an even better K, than compound VI, which has a Tyr in
P2 (Table 1). Aromatic rings, such as the benzyl group of Phe
or the phenolic group of Tyr which fit tightly into the S2
subsite, may therefore be replaced by a saturated 6-carbon
ring, which is probably in a chair-like conformation and fits
into the S2 pocket as does a plane-conjugated ring.

But the number of methylene groups of the side chain of
Phe is more important for the P2/S2 interaction. Deletion or
addition of a -CH, between the a-carbon and the benzyl
group (compounds IV and V) dramatically decreases kc.i/Ky,
(Phe > Hof > Phg) (Table 1,Table 2), due to an increase in K,
and a decrease in k.. This means that the correct insertion of
the aromatic ring between Val-133 and Val-157 in the S2
binding pocket of papain depends greatly on the length of
the carbon backbone of the side chain (i.e. the distance be-
tween the asymmetric carbon and the aromatic ring).

The mono- or di-substitutions by a chloride atom (com-
pounds VII and VIII) are at variance with these results,
with significantly decreased K, values, though the k.../Ky
were not affected (Table 1,Table 2). Para-substitution of the
Phe side chain by NO, results in a similar decrease in the
Michaelis constant (Table 1). But we could not measure the
specificity constant kc,i/Ky, for this compound (compound IX)
because the nitro group interfered with the energy transfer
between Dns and Trp. Halogenation or adding a strong elec-
tronegative NO, group to the o-benzyl ring of the side chain
therefore favors P2/S2 interactions.

Constrained forms of Phe (Aic, Tic) are poorly accepted
within the S2 subsite of papain. This results in a decrease in
keat/Ky and an increase in Michaelis constants, compared to
the Phe containing substrate (Tables 1 and 2). The crystal
structure of peptidylchloromethylketone-complexed papain
[2] shows that the lack of rotational freedom produced by
an additional covalent bond linking the side chain to the
backbone, prevents the aromatic ring fitting correctly in the
S2 binding pocket.

Table 1

Kinetic parameters (kca/Kn, Kin) for the hydrolysis of dansylated fluorogenic substrates by papain

Dns-Xaa-RAPW Papain

N° Xaa kcat/Km (a) (mM_l/S) Km (“’M) Km/(Km)rof(b)
1 Phe 1228 £ 195 44+13 1.0
11 D-Phe 192+ 36 45+11 1.0
111 Cha 432+ 159 95+21 2.2
v Phg 47%3 607 98 13.8
A% Hof 100+ 6 525+39 11.9
VI Tyr 569+ 130 196 £25 4.5
VII 4-Cl-Phe 1140+ 176 14£2 0.3
VIII 3,4-Cly-Phe 1354+ 178 204 0.5
IX 4-NO;-Phe n.d. 23+4 0.5
X Aic 5110 212+ 74 4.8
XI Tic 515 318+ 18 7.2

Experiments were carried out in 0.1 M phosphate buffer, pH 6.0, containing 2 mM DTT and 1 mM EDTA, as described in Section 2. The data

corresponded to triplicate experiments and were averaged £ S.D.

*Measurements of second order rate constants k.../K;, have been performed under pseudo first order conditions, according to Ménard et al. [11],

running the Enzfitter software (Biosoft, Cambridge, UK).
h(Km)/(Kn)ref: (Km) Dns—Xaa—RAP\V/(Km) Dns—FRAPW ratio.
n.d., non determined.
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Table 2
Energetic contribution of Phe analogs residues for binding to pa-
pain
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\\\l\
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The strenght of individual contribution (AAG) of Phe structural ana-
logs in the P2 position of the dansylated substrates of the series Dns-
Xaa-RAPW for binding to the S2 subsite of papain was determined,
according to the equation AAG=-RT ((In (kcat/Kim)Dns—Xaa—rAPW/IN
(kecat!/ Kin)Dns—FrAPW), by using L-(Phe) as reference residue.

Our data thus show that papain accommodates a broad
spectrum of Phe derivatives in its S2 pocket. However
mono- and di-halogenations of the benzyl group, or para-sub-
stitution by NO,, give the best interacting compounds. These
findings can now be used to design pseudo peptidyl inhibitors,
with a benzyl-substituted phenylalanyl amino acid at P2, that
are more stable in vivo, while retaining an improved affinity
[28].
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