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Papain-Catalyzed Peptide Bond Formation: Enzyme-
Specific Activation with Guanidinophenyl Esters
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The substrate mimetics approach is a versatile method for
small-scale enzymatic peptide-bond synthesis in aqueous sys-
tems. The protease-recognized amino acid side chain is incor-
porated in an ester leaving group, the substrate mimetic. This
shift of the specific moiety enables the acceptance of amino
acids and peptide sequences that are normally not recognized
by the enzyme. The guanidinophenyl group (OGp), a known
substrate mimetic for the serine proteases trypsin and chymo-
trypsin, has now been applied for the first time in combination
with papain, a cheap and commercially available cysteine pro-
tease. To provide insight in the binding mode of various Z-Xya-

Introduction

The importance of peptides in the fields of healthcare and nu-
trition renders the amide bond probably the most synthesized
chemical bond." In light of this, both chemocatalytic and en-
zymatic strategies for amide-bond formation are being devel-
oped. The use of enzymes is advantageous, particularly on an
industrial scale, because they are usually selective, prevent rac-
emization, and require minimal or no side-chain protection.
The typical enzymes of choice for peptide synthesis are pro-
teases, readily available enzymes that normally hydrolyze pep-
tidic amide bonds, but also show the capacity to effect amide
bond formation. The typical selection criterion for a specific
protease is based on the specificity for a particular amino acid
residue on either side of the scissile bond. However, the main
drawback of such an approach is the need for a different
enzyme for nearly each desired peptide bond, as is nicely illus-
trated by the enzymatic synthesis of octapeptide CCK-8 for
which three different proteases were required.”’ Secondary hy-
drolysis of the products necessitated a judicious choice in the
order of the fragment couplings, and prudent fine-tuning of
the reaction conditions for each individual step. These draw-
backs in combination with the limited recognition of many
amino acids, both natural and unnatural, severely restrict the
universal application of enzymes.

In the so-called substrate mimetics strategy, the problem of
limited applicability is overcome by incorporating the enzyme-
recognized amino acid side chain moiety in the ester leaving
group, thereby making the enzymatic recognition independent
of the side chain. A well-known example is the guanidinophen-
yl (OGp) group, a mimic of the arginine side chain, which is
naturally recognized by the protease trypsin.®’ The catalytic
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OGp esters, computational docking studies were performed.
The results strongly point at enzyme-specific activation of the
OGp esters in papain through a novel mode of action, rather
than their functioning as mimetics. Furthermore, the scope of
a model dipeptide synthesis was investigated with respect to
both the amino acid donor and the nucleophile. Molecular dy-
namics simulations were carried out to prioritize 22 natural
and unnatural amino acid donors for synthesis. Experimental
results correlate well with the predicted ranking and show that
nearly all amino acids are accepted by papain.

mechanism™ of a substrate mimetic (SM; Scheme 1B) is analo-
gous to the natural situation (Scheme 1A). First the substrate
mimetic binds to the S, pocket; this is followed by nucleophilic
attack of the catalytic serine residue on the carbonyl of the
substrate. Kinetic and computational studies have indicated
that the substrate mimetic should bind in a reverse orientation
to enable this attack.™ In this way, the developing negative
charge can still be stabilized by the oxyanion hole. Because
the deacylation step needs unoccupied S’ subsites, the non-
specific acyl residue has to flip from the S’ to the S subsites
prior to nucleophilic attack in order to liberate both product
and enzyme. Water as the nucleophile will result in the hydrol-
ysis product, while an amino acid nucleophile will lead to di-
peptide synthesis.

Besides fundamental studies on the mechanism, much re-
search on substrate mimetics has been devoted to method im-
provement and to solving difficulties related to enzymatic pep-
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known to result in a better syn-
thesis-over-hydrolysis (S/H) ratio
than serine proteases.' The
slight preference of papain for
arginine and lysine suggested
that the existing OGp ester
could be used as a mimetic. Fur-
thermore, papain has a broader
specificity than trypsin, and this
could provide relevant informa-
tion about the applicability of
the substrate mimetics approach
to less specific enzymes. So far
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Scheme 1. Catalytic mechanism of the serine protease trypsin with A) a natural substrate and B) a substrate mim-
etic. Recognition takes place in the S, subsite, with subsequent nucleophilic attack of Ser195 onto the carbonyl.
The substrate mimetic is bound in a reversed orientation compared to the orientation of the natural substrate.
The covalent intermediate can only be liberated by nucleophilic attack from the S’ region (double arrow).

tide synthesis. For example, several variations of the OGp ester
have been evaluated as alternative substrate mimetics for tryp-
sin, while the OGp ester has been applied to different en-
zymes such as chymotrypsin” and clostripain,’® but also to
trypsin variants with diminished hydrolytic activity™ or purified
from different exotic sources.®®'® The undesired enzymatic
hydrolysis reaction of specific peptide bonds can be successful-
ly suppressed by freezing the reaction mixture™ or by using
jonic liquids as solvents."? Furthermore, it has been shown
that new substrate mimetics could be designed for two en-
zymes that recognize negatively charged amino acids," thus
indicating that more-general application of the strategy might
be feasible. Despite the considerable amount of existing re-
search, the substrate mimetics approach has never been ap-
plied to the cysteine protease papain. This cheap and commer-
cially available enzyme would also be a good candidate for
industrial applications because it has been effectively used in
enzymatic peptide synthesis before and cysteine proteases are
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Subsequent docking studies pro-
vided insight into the binding
mode, and, based on these re-
sults, MD simulations served to
predict a set of suitable amino
acid donors. The resulting rank-
ing was experimentally verified, and the scope of the amino
acid acceptor was determined.

Results and Discussion
Initial dipeptide synthesis reaction

Z-Gly-OGp (1) was prepared as a test substrate in order to
study the OGp ester as a mimetic applied to papain. Z-Gly-OH
was esterified with p-[N,N'-di(Boc)guanidino]lphenol™ by
using N,N'-dicyclohexylcarbodiimide (DCC) as coupling reagent.
Glycine was chosen to be incorporated in the acyl donor be-
cause it is the simplest amino acid and is not recognized by
papain. Next, substrate 1 was subjected to the enzymatic re-
action with papain in which H-Phe-NH, was used as the acyl
acceptor because of its clear UV visibility at 254 nm, which
simplifies the HPLC analyses (Scheme 2). The dipeptide was
formed quickly (20 min) and in high yield (92%) with hardly
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Scheme 2. Enzymatic synthesis with papain. a) 3.5 mm papain, 2 mm pTSA, 10% (v/v) DMF, 0.2 m HEPES buffer (pH 8), 0.2 m NaCl, 20 mm CaCl,.
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any enzymatic hydrolysis (2.4%). This compares favorably to re-
sults obtained with trypsin.®? Concurrently, we observed that
chemical hydrolysis of the starting material under exactly the
same reaction conditions but in the absence of papain was
substantial (5.6 %). This spontaneous hydrolysis is clearly unde-
sirable, because it will increase with longer reaction times.

Prediction of the binding mode and validation of Z-X,,-OGp
esters

Having shown that papain can recognize Z-Gly-OGp (1), we
developed an increased molecular understanding of the sub-
strate mimetics approach in papain. A molecular-modeling
study was performed by using the flexible docking program
Fleksy."® The results were visualized and analyzed by using the
YASARA program.

Crystallization and subsequent structure determination by X-
ray methods revealed that papain is a single-chain polypeptide
containing three disulfide bridges, which is folded into two
domains with the active site in a groove between them."” The
most important residues in the active site are Cys25, which
provides the nucleophilic thiol, and His159, which completes
the catalytic diad (Figure 1A). The oxyanion hole is formed by
the side chain NH, group of GIn19 and the backbone amide of
Cys25. Residues Asp158, Gly66, and Trp177 are involved in a
conserved hydrogen-bonding network that is required for sub-
strate affinity.'®

A)

Figure 1. Molecular modeling of papain substrates. Hydrogen bonding inter-
actions to functionally important amino acids in the papain active site are
shown for A) the backbone of a peptide substrate and B) the compound Z-
L-Ala-OGp. The overall orientation in the papain peptide binding groove is
shown for C) the hexapeptide LLRLSL and D) the compound Z-L-Ala-OGp.
The different papain subsites occupied by the hexapeptide are indicated.
The arrows indicate the N- to C-terminal direction of the scissile bond, thus
illustrating the “reversed” binding mode of Z-L-Ala-OGp.
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To gain insight into the influence of the configuration of the
amino acids and sterically demanding substrates, in addition
to the achiral glycine ester, the OGp esters of L-alanine (1A), b-
alanine (1a), B-alanine (1pA) and L-proline (1P) were consid-
ered in the docking study. Figure 1B shows that Z-L-Ala-OGp
perfectly fits in the active site, interacting in a similar manner
to the natural substrate (Figure 1A). Based on the obtained Z-
L-Ala-OGp binding mode, we rationalized that the oppositely
configured p-alanine ester would be a much poorer substrate,
as its methyl side chain is predicted to clash with the catalytic
His159. This effect is even more profound and disadvanta-
geous for the secondary amino acid L-proline. In the case of
the B-alanine ester, the interactions with the oxyanion hole
and the hydrogen bonding network with the guanidino group
could be maintained, but the beneficial interaction with
Trp177 was disrupted by the extra carbon atom in the ester
backbone. Experimental verification of these modeling-based
hypotheses confirmed that reaction rates for 1a and 1pA are
indeed around 100 times lower than those for 1 and 1A, and
that 1P does not react at all. This all provides experimental
support for the binding mode of 1A proposed in Figure 1B.

Figure 1C shows that the natural substrate is positioned in
the groove with all the amino acid side chains, including the
specificity-determining arginine, exposed. The substrate mim-
etic is also located in this cleft, but is in the reverse orientation
(Figure 1D), similar to what Bordusa described for the OGp
ester in trypsin.”! It is remarkable though, that the guanidino
group present in the mimetic is situated in the groove, unlike
the natural substrate’s arginine side chain. This suggests that,
in the case of papain, the OGp ester is not actually mimicking
the natural substrate in the sense that the guanidino group
binds at the same position. Nonetheless, the OGp ester is spe-
cifically recognized by the enzyme, and therefore we propose
to call it an enzyme-specific activating ester.

Molecular-dynamics simulations of Z-X,,-OGp esters in
papain

To further probe the viability of enzyme-specific activating
esters as a more general enzymatic method for peptide syn-
thesis, we investigated whether the successful dipeptide syn-
thesis with Z-Gly-OGp and Phe-NH, could be extended to a
variety of other natural and unnatural amino acids. Figure 1D
clearly shows that the side chain of Z-L-Ala-OGp points up and
out of the groove, thereby implying there should be sufficient
space to accommodate the side chains of other natural amino
acids as well. Rather than determining the scope of the acyl
donor directly, we incorporated a computational approach as
an intermediate step. A reliable model would be of great use
in predicting which amino acids will be accepted by papain in
order to prioritize them for synthesis and for reaction planning.
All 20 natural and the two previously evaluated unnatural
amino acids were docked, and the stabilities of the resulting
complexes were assessed with the help of molecular-dynamics
simulations.

This was done on the assumption that the aforementioned
interactions with the oxyanion hole are essential to the forma-
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tion of a productive enzyme-substrate complex. Both the dis-
tance to oxyanion-hole residue GIn19 and the percentage of
simulation time for which this residue forms a hydrogen bond
with the substrate were used as measures of complex stability.
Initially the oxyanion-hole Cys25 was also taken into account,
but these interactions did not affect the results. The ranking is
mostly determined by the specific interactions that the side
chains make with papain during the simulation (Figure 2). As a
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side reaction (< 10%). Nevertheless, the crude product ob-
tained after Boc deprotection was used directly in the enzy-
matic reactions, and a correction was performed afterwards.
The enzymatic reaction was monitored for three hours. The
identity of the products formed in the enzymatic reaction was
confirmed by chemical synthesis of reference compounds and
LC-MS analysis. Table 1 presents either the time to reach full
conversion of the OGp esters, or the conversion after three
hours. The indicated percentages of enzymatic syn-
thesis and hydrolysis remained constant over time, as

100 —— —_— _— —10.0

® - measured after 24 h unless stated otherwise. The S/H
2 90 “|9-0 << ratio for the various amino acids gives an ambiguous
< B . . . . .
5 80 8.0 § impression. While excellent in the case of glycine and
3 ol 20 & threonine (entries 4 and 8), proline (entry 9) does not
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- © . . . .
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ot et v 9 3 290 > T i s e s w00 the computational results in Figure 2 and the experi-

TELTRITIOILTILOCRATNC I mental results in Table 1. Given the large variation in

Figure 2. Stability of modeled papain-Z-X,,-OGp complexes as assessed by molecular dy-
namics simulations. The presence of a hydrogen bond between GIn19 of the papain oxy-
anion hole and carbonyl of the scissile bond of the substrate throughout the simulation
time is shown by bars (left axis), and the average distance between the oxyanion hole
(GIn19) and carbonyl of the scissile bond of the substrate throughout the simulation is
shown by a line (right axis). The amino acids that were selected for synthesis and testing
are indicated with asterisks. All amino acids were considered in the L-conformation,
unless otherwise indicated.

result, amino acids with similar characteristics generally show a
comparable ranking. For instance, asparagine and glutamine

the S/H ratios for the various amino acids, the analy-
sis should be restricted to conversion rates only. This
can be rationalized by realizing that the simulations
address only the effective formation and stability of
the enzyme-substrate complex, which is merely the
first step in a cascade of events. The stability of the
acyl-enzyme intermediate as well as the velocity of
deacylation are important factors in defining the S/H
ratio, but cannot be predicted from our modeling

are positioned close to each other, as are the B-branched
amino acids isoleucine and valine. The observed discrepancy
between phenylalanine and tyrosine can be explained by the

Table 1. The various Z-AA-OGp esters tested experimentally.?

fact that, although the docking showed a nice fit, phenylala-
nine is drawn into the nearby hydrophobic S,” pocket during
the MD simulation, an event that is probably prevented for ty-
rosine by the presence of the polar hydroxyl group. Based on
the docking studies alone, one would expect a higher ranking
for serine, but this is presumably prohibited by the formation
of an intramolecular hydrogen bond during the simulation.

Verification of the MD-based predictions

To verify the MD-based rankings and to determine the scope
of the acyl donor experimentally, a representative set of amino
acids was selected for validation (marked with an asterisk in
Figure 2). The corresponding Z-X,,-OGp esters were synthe-
sized from amino acids with appropriate side-chain protection.
Yields of the coupling reactions varied between 63 and 98 %.
The acidic deprotection appeared to be troublesome in some
cases, because chemical hydrolysis of the ester occurred as a
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HOGp
Z-Xapn-OGp + Phe-NH, Z-Xan-Phe-NH, + Z-Xaa-OH
3.5 um papain
Background Enzymatic
Amino t Conv.  Z-Xpa-OH Z-Xap-Phe-NH,  Z-X,,-OH
acid [min]  [%] [%] [%] [%]
1 L-Ala 2 100 1.9 77.5 20.6
2 L-Arg 1 100 34 459" 17.2
3 LAsn 25 100 1.4 6.19 30.2
4 Gly 20 100 5.6 92.0 24
5 LGlu 15 100 3.8 68.5 27.7
6 Llle 90 100 - 2454 122
7 L-Phe 25 100 34 29.8 66.8
8 L-Thr 20 100 43 90.7 5.0
9 L-Pro 180 5 5.0 - -
10 Dp-Ala 180 82 135 11.6 54
1 B-Ala 180 39 74 31.6 -

[a] Conditions: 2 mM Z-X,,-OGp, 15 mm Phe-NH,, 0.2m HEPES buffer
(pH 8.0), 0.2m NaCl, 20 mm CaCl,, 10% (v/v) DMF. [b] Nonenzymatic pi-
peridinone side-product formation (33.5%). [c] Nonenzymatic succinimide
side-product formation (62.3 %). [d] Dipeptide product precipitates during
reaction, yield is probably 87.8%

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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studies. For example, during deacylation, unforeseen steric hin-
drance might occur between the acyl donor residue and the
groove of the active center in papain. Furthermore, the type of
nucleophile that attacks the enzyme-acyl intermediate is not
taken into account in our modeling experiments.

Despite the aforementioned shortcomings, it is clear that
the high-ranking amino acids require the shortest reaction
times, and that the reaction time generally increases with a de-
creasing predicted stability. However, phenylalanine does not
seem to fit the correlation, with a much faster experimentally
determined reaction time than suggested by its ranking. Appa-
rently the hydrophobic pocket that determines the outcome
of the MD simulation is of less influence on substrate mimetic
binding than expected. Threonine also performed much better
than expected from our simulations. To explain this observa-
tion, we evaluated the different rotamers accessible to the
threonine side chain. In the docking experiment, it was posi-
tioned in the trans v, rotamer, which is not the typically pre-
ferred rotamer for threonine.?” Therefore, we also assessed the
stability of the more preferred gauche y; rotamers and found
that the g rotamer indeed resulted in a more stable complex,
with an oxyanion hole-substrate hydrogen bond present for
41% of the simulation time. This is comparable to what is
observed in Figure 2 for the other -branched amino acids iso-
leucine and valine, which were both also predicted to bind in
their preferred g and trans rotamers.

It would not have been possible to decide a priori what per-
centage of hydrogen bond formation would be sufficient for
activity. With the experimental results in hand, we can see that
only a minor percentage of hydrogen bond formation and
proximity is already enough to lead to enzymatic activity. Basi-
cally every experimentally tested amino acid in Table 1, except
for proline, is accepted by papain. Even the two unnatural
amino acids p-alanine and [-alanine, correctly predicted to
react considerably more slowly, do react. The difference be-
tween predicted and experimentally determined reactivity may
be taken as an indication that papain is more flexible than
modeling suggests.

Probing the influence of the amino acid in the nucleophile-
acyl acceptor

Contrary to the acyl donor amino acids, the scope of the nu-
cleophile was not computationally studied. As mentioned pre-
viously, papain displays broad specificity as a result of its wide-
open peptide binding groove, which allows for many interac-
tions upon substrate binding. The acyl donor can be modeled
in this network by utilizing known interactions with the oxyan-
ion hole, but no such requirement is known for the incoming
nucleophile. Hence, the influence of the acyl acceptor on the
enzyme-specific activation was only probed experimentally
with a restricted set of amino acid derivatives (Table 2).
Switching the configuration from L-Phe-NH, to D-Phe-NH,
shifted the enzymatic reaction from primarily synthesis to
mainly hydrolysis (entry 1). The exchange of an amide for a
tert-butyl ester did not really affect the reaction time, although
the dipeptide product precipitated (entry 2). The pNA-amide of

ChemBioChem 2011, 12, 2201 - 2207
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Table 2. The various nucleophiles tested experimentally.”
HOGp
Z-Gly-OGp + Nu - Z-Gly-Nu + Z-Gly-OH
3.5 um papain
Background Enzymatic
Nucleophile t Conv.  Z-Gly-OH Z-Gly-Nu  Z-Gly-OH
[min]  [%] [%] [%] [%]
1 p-Phe-NH, 20 100 2.8 229 74.3
2 L-Phe-OtBu 25 100 38 11.8% -
3 L-Tyr-NH, 25 100 6.2 91.3 25
4 L-Tyr-pNA 25 100 5.1 90.6 43
5 L-Ala-NH, 20 100 53 87.0 7.7
6  L-Ala-pNA 20 100 4.0 96.0 -
7 L-Ser-pNA 30 100 6.0 94.0 -
8  L-Pro-pNA 30 100 9.7 - 90.3
9 - 20 100 52 - 94.8
[a] Conditions: 2 mM Z-X,,-OGp, 15 mm Phe-NH,, 0.2m HEPES buffer
(pH 8.0), 0.2m NaCl, 20 mm CaCl,, 10% (v/v) DMF. [b] Dipeptide product
precipitated.

phenylalanine did not dissolve under these reaction conditions
and was therefore excluded from the set. As alternatives, the
Tyr-NH, and Tyr-pNA pair were tested for the influence of the
pNA group, prior to testing the less visible amino acids with
this chromophore attached. The results were very much com-
parable, with or without pNA, also for the small amino acids
alanine and serine. Proline, a worse nucleophile, only gave hy-
drolysis and that at a comparable rate to the one seen without
an additional nucleophile being present.

Conclusions

In this paper, we have shown that the OGp ester can be suc-
cessfully applied in papain-catalyzed dipeptide synthesis under
aqueous conditions. Our docking studies, which were per-
formed to increase our molecular understanding of the
system, resulted in an unexpected binding mode for the Z-L-
Ala-OGp ester, which is supported by experimentally observed
structure-activity relationships. In contrast to the anticipated
function of a substrate mimetic, the OGp ester showed an un-
precedented enzyme-specific activation in papain. Prior to de-
termining the scope of the acyl donor experimentally, we used
a molecular-dynamics-simulations approach to prioritize 22
natural and unnatural amino acids for synthesis. The resulting
ranking was in good agreement with the experimental data. A
representative set of Z-X,,-Phe-NH, dipeptides was obtained in
moderate to excellent yields. The scope of the incoming nucle-
ophile was relatively broad, ranging from the small Ala-NH, to
the much larger Tyr-pNA. Since the OGp ester exhibits rather
unexpected enzyme-specific activation, we hypothesize that it
is not strictly required to have an arginine-like activating ester.
Future investigations will be directed towards confirming the
predicted binding mode of the OGp ester by using X-ray stud-
ies and to replacing it by a simpler moiety in order to render
the described enzymatic approach to peptide-bond formation
even more accessible.

2205

www.chembiochem.org


www.chembiochem.org

BIO

Experimental Section

Synthesis: see the Supporting Information for a detailed descrip-
tion of the synthetic procedures and product characterization.

p-IN',N"-Di(Boc)guanidinolphenol (7): N,N-Di(Boc)-S-methyliso-
thiourea (2.90 g, 10.0 mmol, 1 equiv) and p-aminophenol (1.64 g,
15.0 mmol, 1.5 equiv) were dissolved in dry THF (60 mL), and this
mixture was cooled to 0°C before HgCl, (2.99 g, 11.0 mmol,
1.1 equiv) was added. After the mixture had been stirred for
20 min under argon, its temperature was raised to 25°C, and it
was stirred for 20 h. The white precipitate that was formed during
the reaction was filtered off, and the filtrate was concentrated
under reduced pressure. Recrystallization from methanol yielded
1.53 g (43%) of the pure product. The mother liquor was then
evaporated to dryness, and the remaining solid was purified by
column chromatography (EtOAc/heptane, 1:9—1:2) to afford 7
(753 mg, 65% yield) as an off-white solid. R;=0.37 (EtOAc/heptane
1:2); m.p. decomp. >240°C; 'HNMR (CDCl;, 300 MHz): 6=11.61
(s, NH), 10.04 (s, NH), 7.14 (d, J=8.6 Hz, 2H), 6.68 (d, /=8.3 Hz,
2H), 6.22 (brs, OH), 1.54 (s, 9H), 1.46 (s, 9H); *CNMR (CDCl,,
75 MHz): 6=163.2, 155.9, 155.3, 153.2, 127.0, 126.3, 116.1, 83.7,
79.8, 28.1; IR (film): 7=3264, 2979, 2737, 1720, 1647, 1517, 1409,
1227, 1152, 1112, 1059 cm™"; HRMS (ESI) m/z calcd for C,;H,4N5Os:
352.1873 [M+H]*, found: 352.1875.

General procedure for the DCC coupling of Cbz-protected
amino acids with phenol 7 as illustrated by the synthesis of N*-
Cbz-glycine p-[N',N’-di(Boc)guanidino]phenyl ester (8G): DCC
(867 mg, 4.21 mmol, 1.4 equiv) was added slowly to a cooled (0°C)
solution of Z-Gly-OH (879 mg, 4.20 mmol, 1.4 equiv), p-[N,N’-di-
(Boc)guanidino]phenol (7, 1.05 g, 3.00 mmol, 1 equiv), and p-(dime-
thylamino)pyridine (73 mg, 0.61 mmol, 0.2 equiv) in EtOAc (10 mL).
The reaction mixture was stirred at 0°C for 1 h and for an addition-
al 2 h at room temperature. The solid N,N'-dicyclohexylurea was fil-
tered off, and the solvent was evaporated in vacuo. The product
was obtained as a white solid after purification by column chroma-
tography (1—4% MeOH in CH,Cl,). Yield: 1.33 g (82%); R=0.67
(4% MeOH in CH,CL,); m.p. 111°C; "H NMR (CDCl;, 300 MHz): 0=
11.62 (s, NH), 10.35 (s, NH), 7.62 (d, J=8.5Hz, 2H), 7.41-7.28 (m,
5H), 7.07 (d, J=8.3 Hz, 2H), 5.34 (m, NH), 5.15 (s, 2H), 4.22 (d, J=
5.3 Hz, 2H), 1.53 (s, 9H), 1.50 (s, 9H); *C NMR (CDCl;, 75 MHz): 6 =
168.6, 163.4, 156.2, 153.5, 153.3, 146.8, 136.1, 134.8, 128.6, 128.2,
128.1, 123.2, 121.6, 83.9, 79.8, 67.3, 42.9, 28.2, 28.1; IR (film): 7=
2978, 2928, 1779, 1720, 1640, 1508, 1412, 1240, 1154, 1114,
1057 cm™'; HRMS (ESl) m/z caled for C,,H;,N,NaOg: 565.2274
[M+Na] ", found: 565.2274.

General procedure for the acidic Boc deprotection of guanidino-
phenyl esters (8) with TFA as illustrated by the synthesis of N°-
Cbz-Glycine p-guanidinophenyl ester (1G): Boc-protected com-
pound 8 (100 mg) was dissolved in CH,Cl, (2 mL), and TFA (0.5 mL)
was added. The reaction mixture was stirred at room temperature
overnight. The solvents were removed under reduced pressure and
co-evaporated with tBuOH (3x 10 mL). The obtained oil was lyophi-
lized from H,O/dioxane (10 mL) in the presence of HCl (2m,
0.5 mL) to give the product as a sticky oil (quant.). Rz=0.50 (CHCl,/
MeOH/NH,OH, 65:45:20); 'H NMR ([DJJDMSO, 300 MHz): 6 =10.03
(s, NH), 7.89 (t, J=5.9 Hz, NH), 7.56 (brs, 4NH), 7.40-7.25 (m, 7H),
7.21-7.15 (m, 2H), 5.08 (s, 2H), 4.07 (d, J=6.1Hz, 2H); *C NMR
([DgIDMSO, 75 MHz): d=169.0, 156.5, 156.0, 148.2, 136.8, 132.9,
128.3, 127.8, 127.7, 125.7, 122.7, 65.6, 42.4; IR (film): 7#=3309, 3166,
2950, 1770, 1706, 1671, 1629, 1588, 1507, 1455, 1280, 1201, 1166,
1053 cm™'; HRMS (ESl) m/z caled for C;;H,sN,NaO,: 365.1226
[M+Na] ", found: 365.1231.
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General procedure for the enzymatic reactions: Enzymatic acyl-
transfer reactions were performed at 25°C in a total volume of
375 pL containing HEPES buffer (0.2m, pH 8.0), NaCl (0.2wm), CadCl,
(20 mm), 10% DMF and p-toluenesulfonic acid (pTSA; 2 mm) as an
internal standard. Stock solutions of Z-X,,-OGp esters (50 mm) in
DMF and nucleophiles (30 mm) in buffer were prepared. The final
concentrations of acyl donor and acyl acceptor were 2 and 15 mm,
respectively. The latter was calculated as the free, N“-unprotonated
nucleophile concentration [HN], according to the Henderson-Has-
selbalch Equation:

[HNJo = [NJo/(1 +107"")

Papain (4 mg) was activated before use by adding dithiothreitol
(0.6 mg) and phosphate buffer (1 mL, 0.1m, pH 6.5) containing
EDTA (2.5 mm) and shaking the mixture for 10 min at 25°C. This so-
lution was stored on ice and was freshly prepared daily. Following
thermal equilibration of assay mixtures, the enzymatic reactions
were started by the addition of papain at a final concentration of
3.5 uM. Blank reactions with Milli-Q instead of papain were run in
parallel. From this control experiment, the spontaneous ester hy-
drolysis could be determined, as well as nonenzymatic aminolysis
of the acyl donor esters; the latter could be ruled out. At regular
intervals, aliquots (20 pL) were withdrawn and quenched with
glacial acetic acid (20 pL). The reactions were monitored for 3 h by
HPLC and checked once more for changes in reaction mixture
composition after 24 h. The values reported are the average of at
least two separate experiments. The identity of the peptide prod-
ucts was established by chemical synthesis of reference com-
pounds and LC-MS.

HPLC analyses: Samples were analyzed on a Shimadzu LC 2010
analytical HPLC system equipped with a RP C18 column (Varian, In-
ertsil ODS-3, 5 um, 150%x4.6 mm) and eluted with various mixtures
of acetonitrile/water containing 0.1% trifluoroacetic acid under iso-
cratic and gradient conditions at a flow rate of 1.0 mLmin~". The
wavelength of detection was 254 nm. Product yields were calculat-
ed from peak areas of the substrate esters and the hydrolysis and
aminolysis products.

Molecular modeling of the papain-peptide complex: The molec-
ular model of papain bound to the hexapeptide LLRLSL was con-
structed on the basis of the crystal structure of a papain-leupeptin
complex (PDB ID: 1POP) solved at 2.1 A resolution."” This structure
contains an LLR peptide bound only to the S subsites. To gain
more insight into peptide binding to the S’ subsites, a hybrid
model was built by using an LSL peptide fragment bound to the &'
subsites of another papain crystal structure (PDB ID: 2CIO) solved
at 1.5 A resolution.”” First, the two crystal structures were aligned
by using the MOTIF algorithm,*® after which the coordinates of
the LSL peptide were transferred to the papain-leupeptin complex.
Subsequently, a peptide bond between the LLR and LSL peptide
fragment was added manually by using the Yasara program®?
and finally the resulting complex was energy minimized by using
the Yasara2 force field.”

Molecular docking of papain substrates: All molecular-docking
studies in papain were performed by using the flexible docking
program Fleksy."® The crystal structure of a papain-leupeptin com-
plex (PDB ID: 1POP) solved at 2.1 A resolution”” was used as the
receptor structure. The structure was prepared for docking by re-
moving leupeptin and all water molecules from the complex. Sub-
sequently, hydrogen atoms were added to the structure, and their
positions were optimized by using the Yasara program.?¥ In the
applied docking protocol only those docking poses in which the
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scissile bond of the docked Z-X,,-OGp compound was aligned
with the scissile bond of the natural peptide substrate were taken
forward. Otherwise, default parameters as described previously"®
were applied.

Molecular dynamics simulations: The highest-ranking docking
poses obtained from the docking studies were used as starting
complexes for MD simulations with the Yasara program.** The
complex was first solvated in a simulation cell two times 10 A
larger than the protein along each axis, then the cell was neutral-
ized by replacing water molecules with counter ions. The resulting
system was first minimized with the Amber03 force field*® by
using a 7.86 A force cutoff and the Particle Mesh Ewald algorithm
to treat long-range electrostatic interactions. Simulated annealing
was used (time step 2 fs, atom velocities scaled down by 0.9 every
10th step) until convergence was reached. Subsequently, 3 ns MD
simulations were conducted at 298 K for each of the 22 substrates
with periodic boundary conditions and 1.25 fs time steps. Intermo-
lecular forces were recalculated every two simulation steps, and
pressure control was employed to maintain a water density of
0.997 gcm 3.
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