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Introduction

Protein–protein interactions play an indisputable central role in
all cellular processes from the start (e.g. , transcription) and
maintenance of life (e.g. , signal transduction,[1] immunogenic
responses[2]) to the ending of life (e.g. , apoptosis). These pro-
cesses are consequences of intricate interplays between many
proteins. Multiple protein–protein interactions are usually in-
volved, which ultimately lead to the successful completion of a
particular cellular process and the ensuing biological effect.
Defects in the regulation of protein–protein interactions are
believed to be involved in several diseases, for example,
cancer,[3] Huntington’s,[4] autoimmune diseases,[5, 6] and osteo-
porosis.[7] Therefore, many attempts have been undertaken to
develop methods to modulate and possibly interfere with pro-
tein–protein interaction.[8] Small molecules are preferred in
therapeutic approaches, and considerable success has been
achieved in identifying these for disruption of protein–protein
interactions.[2] However, the large surface areas that are often
involved in protein–protein interactions, and which vary be-
tween 600–2000 72, could be responsible for the frequently
observed inability of small molecules to disrupt these interac-
tions. Another related factor might be the divergent presenta-
tion of functional groups on the surface of proteins.[2] Thus,
compounds capable of disrupting these protein–protein inter-
actions would have to be relatively large and complex. There-
fore, interesting approaches to achieve interruption of pro-
tein–protein interactions, which include the mimicry of the bio-
active interacting conformation by assembly of separate bind-
ing sites on scaffolds, need to be explored.[9–12]

In this paper we describe the use of the triazacyclophane
(TAC) scaffold (Scheme 1) for proper positioning of three dis-
continuous epitopes of cystatin B, which are involved in inhib-
iting the enzymatic activity of papain, to arrive at a considera-

bly smaller mimic of cystatin B. We have selected the cysta-
tin B–papain protein complex as a proof-of-principle target
and as a representative example of the regulation of a pro-
tease by a protein. The clan CA of cysteine proteases, of which
papain is a representative, is involved in diseases like cancer.[7]

Moreover, by determining the enzymatic activity of papain, the
effectiveness of the mimics can be conveniently evaluated.

Results

Design and synthesis of cystatin mimics

The TAC scaffold (1, Scheme 1) consists of three semiorthogo-
nally protected secondary amines, which can be used to intro-
duce three different peptide chains.[13–15] The TAC scaffold was
designed in such a way that solid-phase chemistry was possi-
ble by attachment of the carboxylic acid moiety to a suitable
resin.[13–15] In the synthesis approach, the Fmoc-protecting
group was cleaved with piperidine (20%) in N-methyl pyrroli-
done (NMP) to liberate a secondary amine, which was decorat-
ed with a peptide chain. Next, the o-nitrobenzenesulfonyl
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(oNBS) group was cleaved with mercaptoethanol and 1,8-
diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU), and a second peptide
chain was introduced. Lastly, the Aloc group was cleaved by
using Pd0, and the third peptide chain was introduced.

The target system for mimicry was cystatin B as part of the
papain–cystatin B complex (Figure 1). The crystal structure of
this complex was elucidated in 1990 by Stubbs et al. (RCSB
PDB ID: 1stf).[16] As is shown in Figure 1, the complex consists
of the protease papain (green) and its natural inhibitor cysta-
tin B (purple). Papain is a cysteine protease isolated from

papaya latex. Papain is the most widely studied member of
the cysteine proteinase class of enzymes. It has a preference
for substrates that contain a bulky, nonpolar side chain (e.g. ,
Phe) on the P2 position, and some preference for Arg and Lys
at the P1 position.[17] Other proteases of this class are believed
to be involved in cancer growth.[7]

The natural inhibitor of papain is cystatin B, which is a
single-chain, acidic protein (21 kD) with no disulfide bonds or
carbohydrate residues.[18] Cystatin B binds to papain in the sub-
nanomolar range[19] (0.12 nm), and interacts with the enzyme

Scheme 1. Synthesis of CysTACtins 5, 7, and 9. Reagents and conditions: a) 20% piperidine, NMP; b) TAC scaffold (1), BOP, DIPEA, NMP; c) i. Fmoc-AA-OH,
BOP, DIPEA; ii. 20% piperidine, NMP; d) Ac2O, DIPEA, HOBt; e) HSCH2CH2OH, DBU, DMF; f) Boc-Nle-OH, BOP, DIPEA; g) Pd ACHTUNGTRENNUNG(PPh3)4, anilinium p-toluenesulfinic
acid, NMP; h) succinic anhydride, DMAP, DCM; i) BOP, NMP, N2; j) peptide 11, NMP; k) TFA/TIS/H2O/EDT (94.5:1:2.5:2.5). The peptide sequences in gray bold
ACHTUNGTRENNUNGletters (4, 6, and 8) indicate that the side-chain protecting groups were present.
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through three peptide segments close to the entrance to the
active site. These segments are a N-terminal sequence
(6MetMetCysGlyAla10), a b-hairpin loop sequence (53GlnVal ACHTUNGTRENNUNGVal-
ACHTUNGTRENNUNGAlaGlyThr58) within the cystatin B backbone, and a C-terminal
sequence (122LeuThrTyrPhe125; Figure 1). These three peptide
segments compose a discontinuous epitope, which forms a
wedge capable of blocking the entrance to the active site of
papain. In this ensemble, the N-terminal sequence is located
close to the catalytic triad.[16] By assembling this discontinuous
epitope from cystatin B on the TAC scaffold we aimed to gen-
erate new tripodal inhibitors of papain—denoted as CysTAC-
tins—that are capable of inhibiting papain by blocking access
to its active site.

The peptide sequence that mimicked the b-hairpin loop
(53GlnValValAlaGlyThr58) of cystatin B was introduced onto the
TAC scaffold after removal of the Fmoc group. Next, the se-

quence that mimicked the N-terminal peptide
(6NleNleCys ACHTUNGTRENNUNGGly ACHTUNGTRENNUNGAla10) was introduced after removal of
the oNBS protecting group. Finally, the sequence
that mimicked the C-terminal peptide
(122LeuThrTyrPhe125) in cystatin B was assembled on
the ACHTUNGTRENNUNGnitrogen atom of the TAC scaffold, which was
protected with an Aloc group. To circumvent oxida-
tion, methionine residues in the N-terminal peptide
sequence were replaced by norleucine (Nle), which
is common practice in organic peptide
chemistry.[20–23]

The complete synthesis of CysTACtin 9 was initiat-
ed with the removal of the Fmoc group of the Rink
amide argogel resin (2), and treatment with the TAC
scaffold (1)[1] by using BOP as a coupling reagent
(Scheme 1). Solid phase peptide synthesis (SPPS)
then afforded the sequence that mimicked the b-
hairpin loop of cystatin, which was subsequently
acetylated to give 4.

The peptide sequence that mimicked the N-termi-
nal segment of cystatin B was assembled after re-
moval of the oNBS group in 4. The last amino acid

of this sequence, that is, norleucine was introduced as a Boc-
protected amino acid, which after final ACHTUNGTRENNUNGdeprotection produced
a free amino group, and indeed mimicked the amino terminus
of cystatin. After succinylation of the TAC scaffold, the peptide
sequence that mimicked the C-terminal segment of cystatin B
was introduced by means of reverse ACHTUNGTRENNUNGcoupling of tetrapeptide
11 (H-LeuThrTyrPhe-OH; Scheme 2), which led to 8. The re-
quired tetrapeptide 11 was synthesized separately on a Wang
resin (10 ; Scheme 2).[24] After deprotection and cleavage from
the resin, which was followed by purification, the completed
desired mimic of cystatin B, that is, CysTACtin 9 was obtained
in 24% yield; this corresponds to an average yield of 95% per
step.

To evaluate the necessity of all three peptides on the TAC
scaffold for biological activity, CysTACtins 5 and 7 were pre-
pared analogously to CysTACtin 9 (Scheme 1). In addition, the
nonscaffolded peptides H-6NleNleCysGlyAla10-NH2 (13), Ac-
53GlnValValAlaGlyThr58-NH2 (12), and Ac-122LeuThrTyrPhe125-OH
(14) were synthesized by means of standard Fmoc/tBu SPPS in
order to evaluate the benefits of the TAC scaffold for preorgan-
izing the peptide segments, as opposed to merely mixing the
individual peptide components (Scheme 2).

Evaluation of the cystatin mimics for inhibitory activity

The inhibitory activities of CysTACtins 5, 7, and 9, and thereby
their ability to mimic the action of cystatin B on papain was in-
vestigated by determining the inhibition of the conversion of
peptide substrate Z-Phe-Arg-AMC. A reduction in the liberation
of 7-amino-4-methylcoumarin (AMC) can be conveniently
monitored by fluorescence spectroscopy.[23] An equimolar mix-
ture (concentration range of 10–30 mm) of peptides 12–14 was
included as a control to investigate the influence of the TAC
scaffold. All constructs were subjected to kinetic studies, and
the inhibition curves are shown in Figure 2. The resulting in-

Figure 1. The crystal structure of the papain–cystatin B complex (PDB ID: 1stf). The bind-
ing peptide segments are shown in pink boxes, papain is in green, and cystatin B in
purple.

Scheme 2. Synthesis of peptide 11 and reference peptides 12–14. a) Fmoc-
Phe-OH, DCB, pyridine; b) 20% piperidine, NMP; c) i. Fmoc-AA-OH, BOP,
DIPEA; ii. 20% piperidine, NMP; d) TFA, TIS, H2O; e) Ac2O, DiPEA, HOBt.
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hibition constants of CysTACtins 5, 7, and 9, and a 1:1:1 mix-
ture of the nonscaffolded peptides 12–14 are summarized in
Table 1.

Discussion and Conclusions

In this paper tripodal synthetic inhibitors of papain were de-
signed and synthesized based on the crystal structure of the
complex between papain and cystatin B. Three different pep-
tide segments are involved in the binding of cystatin B to
papain, namely a b-hairpin loop, a N-terminal peptide seg-
ment, and a C-terminal peptide segment. The sequences that
comprise these peptide segments were assembled on the TAC
scaffold by a convenient synthetic procedure, which resulted
in CysTACtin 9. In addition, CysTACtins 5 and 7 were synthe-
sized together with peptides 12–14, which correspond to the
peptide segments of cystatin B that are involved in the inter-
ACHTUNGTRENNUNGaction with papain.

The CysTACtins 5, 7, and 9 were tested for their inhibitory
activity (Table 1). CysTACtin 5, which has just one peptide arm
that corresponds to the sequence of the loop, showed a
modest Ki of 290 mm. CysTACtin 7, which has two peptide arms
that correspond to the sequences of the loop and the N termi-

nus, had an improved Ki of
50 mm. However, in order to
reach a nanomolar range of in-
hibition that is comparable to
that of cystatin B, all three pep-
tide segments were needed,
and CysTACtin 9 showed excel-
lent inhibition (Ki 12 nm) of Z-
PheArg-AMC hydrolysis.

From the high Ki values of
peptides 12–14, which corre-
spond to the sequences of the
separate cystatin B segments, it
was concluded that the TAC
scaffold was clearly necessary
for proper positioning of these
peptide arms. Thus, orthogonal-
ly protected TAC is a versatile
scaffold for attachment of three
(different) peptide arms that
compose a discontinuous epi-
ACHTUNGTRENNUNGtope of cystatin B involved in
protein–protein interactions to
give a conformation that should

be similar to that observed in the cystatin B–papain protein
complex.

Although these results suggest that the sequences of all
three peptide segments of cystatin B are required to yield an
effective inhibitor, for a definitive conclusion two additional
CysTACtin constructs, each of which contain two peptide arms,
will have to be prepared and evaluated. Nonetheless, structural
information from the X-ray structure of papain in complex
with cystatin B was used successfully for the design of an ef-
fective cystatin tripodal mimic, which is much smaller than cys-
tatin. Future studies involving, for example, NMR spectroscopy
experiments and co ACHTUNGTRENNUNGcrys ACHTUNGTRENNUNGtal ACHTUNGTRENNUNGliACHTUNGTRENNUNGza ACHTUNGTRENNUNGtion of CysTACtin 9 with papain
will have to be performed to investigate its precise structural
mimicry of cystatin B.

This strategy of designing and synthesizing effective func-
tional mimics of discontinuous epitopes involved in protein–
protein interactions by using a small synthetic orthogonally
protected (TAC) scaffold could be extended to other abundant-
ly present examples of discontinuous epitopes in protein–pro-
tein interactions, such as, antibody–antigen interactions.

Experimental Section

General methods and materials : Synthesis of the CysTACtins was
carried out manually in syringes that contained a frit. Analytical
HPLC was performed by using a Shimadzu HPLC system (detection
at 220 nm). Preparative HPLC (detection at 220 nm) was performed
by using a Gilson workstation (Middleton, Wisconsin, USA). For
analysis and purification Adsorbosphere XL C8 (90 7) and Pro-
sphere C18 (90 7) columns were used, respectively, with appropri-
ate gradients of water to water/acetonitrile buffers that contained
TFA (0.1%). ESI-MS was carried out on a Shimadzu QP-8000 LC–MS
spectrometer. MALDI-TOF spectra were recorded by using a Kra-
tos CFR spectrometer, for which a-cyano-4-hydroxycinnamic acid

Figure 2. Inhibition curves of papain inhibited with CysTACtin 5, 7, or 9, and a control peptide mixture that
consisted of 12, 13, and 14.

Table 1. Ki values of CysTACtins and the control peptide mixture 12–14
for papain.

Compounds Ki [mm]

CysTACtin 9 0.012�0.0004
CysTACtin 7 50�4
CysTACtin 5 290�10
peptides 12–14 2.0�0.2
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(CHCA) was used as matrix and ACTH 18–39 as internal standard.
Solid-phase resin, chemicals, and solvents were obtained commer-
cially and used without further purification. Anilinium p-toluene
sulfinate was prepared according to the literature procedure.[25]

Substrate Z-Phe-Arg-AMC was obtained from Bachem (Bubendorf,
Switzerland). Papain (from papaya latex, E.C. 3.4.22.2; 2Pcrystal-
lized, minimum activity 10 unitsmg�1 protein) was obtained from
Sigma (Zwijndrecht, The Netherlands) and was used without fur-
ther purification. Inhibition kinetics were performed by using a
ACHTUNGTRENNUNGfluorolog fluorimeter Fl 3–21 (Jobin Yvon-Horiba, Edison, NJ, USA).
Graphpad prism version 4 was used to fit the inhibition curves.

Synthesis CysTACtins 5, 7, and 9, peptide 11 and peptides
12–14

General : Peptide assembly was carried out by using appropriate
protected Fmoc amino acids, BOP, DIPEA, with standard amounts
of equivalents (Fmoc-AA-OH/BOP/DIPEA, 4:4:8) and conditions (re-
action time 1 h, performed at room temperature in NMP). Coupling
reactions were followed by using the Kaiser test[26] (for the primary
amines during amino acid couplings) and Bromophenol blue[27] or
Chloranil test[28] (for secondary amines during coupling of amino
acids to the TAC scaffold).

Peptide purification : Crude lyophilized peptide constructs were dis-
solved in TFA (0.1%) in H2O (5 mgmL�1). In the case of CysTACtin
9, mixtures of buffers A and B were used to dissolve the com-
pound, and buffer B was used as little as possible. Aliquots (5 mL)
were loaded onto the HPLC column (Adsorbosphere XL C8, 90 7
pore size, 10 mm particle size, 2.2P25 cm). Peptides were eluted
with a flow rate of 5 mLmin�1 with a gradient from 100% buffer A
(0.1% TFA in H2O/CH3CN, 95:5) to 100% buffer B (0.1% TFA in
CH3CN/H2O, 95:5) in 50 min, and detection was carried out at
220 nm.

Peptide characterization : Peptide purity was analyzed with analyti-
cal HPLC by using an Adsorbosphere XL C8 or C18 column (90 7
pore size, 5 mm particle size, 250P4.6 mm) at a flow rate of
1 mLmin�1 with a gradient from 100% buffer A (0.1% TFA in H2O/
CH3CN, 95:5) to 100% buffer B (0.1% TFA in CH3CN/H2O, 95:5) in
40 min, and detection was carried out at 220 and 254 nm by using
an evaporative light scattering detector (ELSD). The peptides were
further characterized either by ESI-MS or MALDI-TOF.

Cleavage of Fmoc, oNBS, and Aloc protecting groups

Fmoc cleavage : The resin was treated with a solution of piperidine
(20%) in NMP (2P6 mL, each 8 min). The solution was removed by
filtration, and was washed with NMP (3P6 mL, each 2 min) and
DCM (3P6 mL, each 2 min).

oNBS cleavage : Cleavage of the oNBS protecting group was per-
formed by using a mixture of DBU (5 equiv) and mercaptoethanol
(10 equiv) in DMF at room temperature for 30 min; this procedure
was carried out twice.

Aloc cleavage : The Aloc protecting group was cleaved by using tet-
rakis-(triphenylphosphine) palladium (15 mol%) and anilinium p-
toluenesulfinate (20 equiv) in NMP at room temperature in the
dark for 2 h;[13] this procedure was carried out twice. To remove
traces of Pd0, the resin was washed three times with diethyldithio-
carbamate (0.1%) in NMP (3P5 mL), three times with NMP (3P
5 mL), three times with Et2O (3P5 mL), and three times with NMP
(3P5 mL).

Acetylation : The remaining amines of the resin were capped twice
(2P5 mL) with capping solution, that is, Ac2O/DIPEA/HOBt (0.5m/
0.125m/0.015m) in NMP.

Work up after solid-phase peptide synthesis : CysTACtins and
peptides were cleaved from the resin, and deprotected with TFA/
TIS/H2O (95:2.5:2.5, v/v) or TFA/TIS/H2O/EDT (94:1:2.5:2.5, v/v) at
room temperature for 3 h. Samples were precipitated with MTBE/
n-hexane 1:1 (v/v) at �20 8C. Precipitates were collected by centri-
fugation at 3000 rpm for 5 min, supernatants were decanted, and
the pellets were washed with MTBE/n-hexane 1:1 (v/v) at �20 8C:
this procedure was carried out twice. Finally, the precipitates were
dissolved in water and lyophilized.

Peptide H-LeuThrTyrPhe-OH (11): Wang resin (2 g; 0.37 mmolg�1)
was loaded with Fmoc-Phe-OH (5 equiv; 1.43 g) according to the
Sieber coupling protocol;[24] loading was 0.31 mmolg�1. Tetramer
11 was assembled on the resin by using standard Fmoc synthesis
protocols. Amino acids used were Fmoc-Phe-OH, Fmoc-TyrACHTUNGTRENNUNG(tBu)-
OH, Fmoc-Thr ACHTUNGTRENNUNG(tBu)-OH, and Fmoc-Leu-OH. Peptide 11 was cleaved
from the resin, deprotected, and obtained in 92% yield (0.37 g).
ESI-MS (Figure S8): [M+H]+ found 543.60, [M+Na]+ found 565.2,
[M]+

ave calcd 542.62; purity was verified by analytical HPLC (Fig-
ure S7). The identity of the peptide was further confirmed by
1H NMR spectroscopy at 300 MHz. All protons were assigned by
using 1D 1H NMR and COSY NMR spectroscopy (Figure S9). dH

(300 MHz, D2O): 0.72 (6H, m, CH ACHTUNGTRENNUNG(CH3)2 of Leu), 0.84–0.86 (3H, d,
CHACHTUNGTRENNUNG(CH3) of Thr), 1.40 (3H, m, CH2CHACHTUNGTRENNUNG(CH3)2 of Leu), 2.61 (1H, m,
CH2-Ar of Tyr), 2.78 (2H, m, CH2-Ar of Tyr, CH2-Ar of Phe), 2.97 (1H,
m, CH2-Ar of Phe), 3.79 (2H, m, CHCH2ACHTUNGTRENNUNG(CH3)2 of Leu, CHCHCH3OH of
Thr), 4.08–4.10 (1H, d, CHCHCH3OH of Thr), 4.33 (1H, m, CHCH2-Ar
of Tyr), 4.41 (1H, m, CHCH2-Ar of Phe), 6.57–6.60 (2H, d, Ar-H of
Tyr), 6.86–6.89 (2H, d, Ar-H of Tyr), 7.09 (5H, m, Ar-H of Phe), 8.1
(2H, d, NHCHCH2-Ar of Tyr, NHCHCH2-Ar of Phe).

CysTACtin 5 : Fmoc deprotected Rink amide resin (0.2 g;
0.29 mmolg�1) was loaded with the TAC scaffold (2 equiv; 89 mg),
BOP (2 equiv; 51 mg), and DIPEA (4 equiv; 38 mL); loading was
0.2 mmolg�1. Remaining amines of the resin were capped. After
being washed three times with NMP (3P5 mL) the first epitope
was assembled on the TAC scaffold by using standard Fmoc syn-
thesis protocols. Amino acids used were Fmoc-ThrACHTUNGTRENNUNG(tBu)-OH, Fmoc-
Gly-OH, Fmoc-Ala-OH, Fmoc-Val-OH, and Fmoc-GlnACHTUNGTRENNUNG(Trt)-OH. After
the final Fmoc cleavage the peptide was capped twice by acetyla-
tion with capping solution (2P5 mL). The resin was split into two
equal portions. With one portion synthesis was continued by cleav-
age of the oNBS protecting group (DBU 22 mL, mercaptoethanol
20 mL). After the oNBS protecting group was removed the peptide
construct was acetylated. To acetylate the third amino position, the
Aloc-protecting group was first cleaved with tetrakis-(triphenyl-
phosphine) palladium (6 mg) and anilinium p-toluenesulfinate
(145 mg), and then acetylated. CysTACtin 5 was cleaved from the
resin, deprotected, and obtained in 92% yield (25.6 mg, 99% per
step). ESI-MS (Figure S2): [M+H]+ found 959.2, [M+Na]+ found
980.75, [M]+

ave calcd 958.11; purity was verified by analytical HPLC
(Figure S1).

CysTACtin 7: The second portion of resin (see synthesis of CysTAC-
tin 5) was treated with a mixture of DBU (22 mL) and mercapto-
ACHTUNGTRENNUNGethanol (22 mL). The second peptide was assembled in the same
manner as described above, but by using Fmoc-Ala-OH, Fmoc-Gly-
OH, Fmoc-CysACHTUNGTRENNUNG(Trt)-OH, Fmoc-Nle-OH, and Boc-Nle-OH. To acetylate
the third secondary amino position, the Aloc-protecting group was
first cleaved with tetrakis-(triphenylphosphine) palladium (6 mg)
and anilinium p-toluenesulfinate (145 mg). After acetylation, Cys-
TACtin 7 was cleaved from the resin, deprotected, and obtained in
93% yield (37 mg, 99% per step). ESI-MS (Figure S4): [M+2H]2+

found 688.00, [M]+
ave calcd 1373.66; the purity was verified by ana-

lytical HPLC (Figure S3).
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CysTACtin 9 : Fmoc deprotected Rink resin (0.9 g; 0.29 mmolg�1)
was loaded with the TAC-scaffold (2 equiv; 402 mg) by using BOP
(2 equiv; 231 mg) and DIPEA (4 equiv; 173 mL); loading was
0.25 mmolg�1. The remaining amines of the resin were capped by
acetylation. After being washed three times with NMP (5 mL), the
first peptide was assembled on the TAC scaffold by using standard
Fmoc synthesis protocols. Amino acids used were Fmoc-ThrACHTUNGTRENNUNG(tBu)-
OH, Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-Val-OH, and Fmoc-Gln ACHTUNGTRENNUNG(Trt)-
OH. After the final Fmoc cleavage, the peptide was acetylated with
the mixture described above. About 5 mg of resin was treated
with TFA (1 mL) to verify the synthesis. ESI-MS: [M+H]+ found
1143.45, calcd 1143.51, [M+Na]+ found 1165.6, calcd 1165.51,
[M+K]+ found 1182.7, calcd 1182.51; this confirmed the presence
of the first peptide arm. Next, the oNBS protecting group was
cleaved by using a mixture of DBU (329 mL) and mercaptoethanol
(154 mL). The second peptide was assembled in the same manner
as described above by using Fmoc-Ala-OH, Fmoc-Gly-OH, Fmoc-
Cys ACHTUNGTRENNUNG(Trt)-OH, Fmoc-Nle-OH, and Boc-Nle-OH as amino acids. Again,
about 5 mg of resin was treated with TFA (1 mL). ESI-MS: [M+H]+

found 1415.75, calcd 1415.76; this confirmed the presence of the
second peptide arm. To assemble the third peptide, the Aloc-pro-
tecting group was first cleaved with tetrakis(triphenylphosphine)
palladium (41 mg) and anilinium p-toluenesulfinate (1.1 g). Next
succinic anhydride (15 equiv, 0.33 g) and a catalytic amount of
DMAP were added to the resin and incubated for 8 h in dry DCM
at room temperature. The resulting carboxylic acid was converted
to the active OBt-ester with BOP (4 equiv, 0.39 g) and DIPEA
(8 equiv, 312 mL). The reaction mixture was filtered and washed
three times with DCM (3P5 mL) under a N2 atmosphere. Peptide
11 (2 equiv, 0.27 g) was added to the resin, and the reaction mix-
ture was shaken, overnight. After this, CysTACtin 9 was obtained
after cleavage and deprotection. The crude construct was purified
by preparative HPLC. Fractions were analyzed by analytical HPLC,
and fractions that contained material with the correct mass were
pooled and lyophilized to yield CysTACtin 9 (122 mg, 24%; 95%
per step). ESI–MS (Figure S6): [M+2H]2+ found 978.75, [M+2Na]2+

found 991.80, [M]+
ave calcd 1956.32; purity was verified by analyti-

cal HPLC (Figure S5).

Ac-GlnValValAlaGlyThr-NH2 (12): Ac-GlnValValAlaGlyThr-NH2 was
synthesized by loading Fmoc-Thr ACHTUNGTRENNUNG(tBu)-OH (4 equiv, 0.26 g) on Rink
amide resin (0.47 g, 0.34 mmolg�1) by using BOP (4 equiv, 0.26 g)
and DIPEA (8 equiv, 0.23 mL). Peptide 12 (93 mg, 93%) was ob-
tained by using standard Fmoc synthesis and cleavage protocols,
as described above. ESI-MS (Figure S11): [M+H]+ found 616.23,
calcd 615.34, [M+Na]+ found 638.54, calcd 638.34; purity was veri-
fied by analytical HPLC (Figure S10).

H-NleNleCysGlyAla-NH2 (13): H-NleNleCysGlyAla-NH2 was synthe-
sized by loading Fmoc-Ala-OH (4 equiv, 0.26 g) on Rink amide resin
(0.62 g, 0.34 mmolg�1) by using BOP (4 equiv, 0.37 g) and DIPEA
(8 equiv, 0.29 mL). Peptide 13 (83 mg, 83%) was obtained by using
standard Fmoc synthesis and cleavage protocols, as described
above. ESI-MS: could not be determined apparently due to bad
ionization of the compound. The purity was verified by analytical
HPLC (Figure S12).

Ac-LeuThrTyrPhe-OH (14): Ac-LeuThrTyrPhe-OH was synthesized
by loading Fmoc-Phe-OH (5 equiv, 0.35 g) on tentagel Wang resin
(0.59 g, 0.31 mmolg�1) by using pyridine (8.25 equiv, 0.121 mL) and
2,6-dichlorobenzoyl chloride (DCBC; 5 equiv, 0.131 mL). Peptide 14
(91 mg, 91%) was obtained by using standard Fmoc synthesis and
cleavage protocols, as described above, except that before final
cleavage from the resin the peptide was acetylated. ESI–MS (Fig-

ure S14): [M+H]+ found 585.85, [M]+
ave calcd 584.28. The purity

was verified by analytical HPLC (Figure S13).

Inhibition assay : Inhibition kinetics of the constructs on papain
was studied under pseudofirst-order conditions with at least a ten-
fold excess of inhibitor to enzyme. Activity was detected by the
ACHTUNGTRENNUNGliberation of 7-amino-4-methylcoumarin (AMC) (excitation wave-
length 355 nm, emission wavelength 460 nm). Initial experiments
showed that a stock solution of papain was not stable because no
activity was left after 2 h, and thus papain solutions had to be pre-
pared just before use. In the absence of substrate, autoproteolysis
occurred rapidly. CysTACtins 5, 7, and 9 were preincubated at
ACHTUNGTRENNUNGvarious concentrations (CysTACtin 5 (1–2 mm), CysTACtin 7 (10–
40 mm), CysTACtin 9 (10–50 nm), and peptides 12–14 (10–30 mm))
with papain for 15 min before the reaction was started by the ad-
dition of the substrate. CysTACtins 5, 7, and 9 were dissolved in
assay buffer. Assay conditions were as follows: sodium phosphate
buffer (0.1n, pH 6.5) containing DTT (2 mm) and EDTA (1.5 mm).
Papain concentration was 0.2 nm and Z-Phe-Arg-AMC was 10 mm.
Three cuvettes with different concentrations of inhibitor and one
cuvette without inhibitor were monitored simultaneously. The cuv-
ette without inhibitor provided the initial rate of hydrolysis (V0).
The three other cuvettes provide the Vi (rate of hydrolysis in the
presence of inhibitor (I)), and (V0/Vi)�1 was plotted as a function of
inhibitor concentration. The Ki, app was calculated by using Ki, app=
[I]/ACHTUNGTRENNUNG((V0/Vi)�1). By taking the substrate into consideration, the true Ki

was calculated with Ki=Ki, app/(1+([S]/Km)). The Km of Z-PheArg-AMC
was calculated by using Michaelis–Menten kinetics,[18, 30] and found
to be 32 mm, which is in agreement with the literature value
(65 mm).[31]
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