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Synthesis of a Biologically Active Triazole-Containing Analogue of
Cystatin A Through Successive Peptidomimetic Alkyne—-Azide
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Amide surrogates are common in naturally occurring pep-
tides and in synthetic peptides used in therapy. Whereas
backbone-engineered proteins are, to date, extremely labori-
ous to produce by genetic means,!! the advent of chemo-
selective peptide chemical ligation reactions®? paved the way
to such complex molecular architectures of considerable
potential for protein therapeutics. To date, the most popular
strategy to introduce amide bond surrogates in proteins relies
on an elaborate combination of 1) solution-
phase synthesis to provide a suitably pro-
tected pseudo-dipeptide, 2) solid-phase pep-

the synthetic protein chemist, we envisioned developing a
new peptidomimetic ligation prototype that leads to bioactive
backbone-modified proteins. Herein, we report for the first
time the use of the Cu'-mediated cycloaddition of azides and
terminal alkynes (CuAAC)" for the assembly of unprotected
peptide fragments into a bioactive triazole-containing pro-
tein.
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Besides the pioneering study on thioester
backbone-engineered proteins,*! only few
examples have been reported,” including a
recent study concerning a ligation of thio-
acid- and aziridine-terminated model pep-
tides, giving a reduced form (¥Y[CH,NH,]) of
an amide bond.”! To enlarge the palette of
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Scheme 1. Protein synthesis through fragment condensation using NCL and PTL.l"
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The rapid and regioselective method for the synthesis of
1,4-disubstituted 1,2,3-triazoles (Tz) through CuAAC, inde-
pendently discovered by the Meldal™ and Sharpless™
groups, has incredibly accelerated the studies involving Tz-
containing novel compounds. This heterocycle is well recog-
nized as an amide bioisostere: it closely mimics the geometric,
steric, and electronic features of a trans-amide bond and can
likewise participate in hydrogen bonding and dipole—dipole
interactions®® (Scheme 1). The triazole moiety is considered
as an universal peptidomimetic group that can accommodate
any peptide secondary structure.”) The introduction of
triazole amide surrogates (¥[Tz]) by a peptidomimetic
ligation strategy requires peptides modified at their C and
N termini with a-amino alkynes and a-azido acids, respec-
tively. The latter building blocks can be easily prepared'!! and
introduced into peptide fragments using standard peptide
chemistry, and the synthesis of chiral a-amino alkynes can be
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achieved in a few steps!***! from the protected parent amino
acids. Propargylamine, a precursor for Gly¥[Tz]Xaa, is even
commercially available (Gly=G =glycine, Xaa=any a-
amino acid). Because Gly is one of the most common and
well-distributed residues in proteins, retrosynthetic discon-
nections at Gly-Xaa sites are particularly attractive. The
incorporation of 1,4-disubstituted triazoles into the backbone
of long peptides has been reported and was based on a
classical SPPS approach involving triazole-containing pseudo-
dipeptides as building blocks.™! To our knowledge, the few
examples of post-SPPS backbone engineering by triazole
formation involve protected peptide fragments.'>"¥l Most
examples concern small cyclic peptides. Given that CuAAC is
extremely robust, orthogonal to most other reactions, and
tolerant of an extensive variety of functional groups, including
unprotected peptide side chains, we decided to explore the
potential of CuAAC to assemble unprotected peptides into
backbone-engineered protein analogues.

An iterative version of peptidomimetic triazole ligation
(PTL) is crucial for the synthesis of medium-sized (>80
amino acids) bioactive proteins: the temporary masking of a
terminal alkyne with a silyl protecting group!™ enables
multiple successive CuAAC steps under the mildest condi-
tions compatible with complex biomacromolecules. We and
others have shown that triisopropylsilyl (TIPS) is a group of
choice for multiple linear CuAAC steps,'® and we have
demonstrated its full compatibility with the conditions of
fluorenylmethoxycarbonyl (Fmoc) SPPS.!'%

For the proof of concept of a multiple-PTL approach, we
focused on human cystatin A (also known as stefin A), a
natural cysteine-protease inhibitor about 100 amino acids
long and without any cysteine!!” (see Figure 1a for its amino
acid sequence).

Cystatin A potently inhibits papain-like cysteine pro-
teases of the family 1, including cysteine cathepsins. Besides
their primary role in end-stage breakdown of endocytosed
proteins in lysosomal compartments, these proteases are also
associated with numerous major pathological disorders;!'%!"
this association makes the proteases emerging therapeutic
targets.””! The inhibitory site of cystatin A involves three
noncontiguous regions comprising an N-terminal part with a
conserved glycyl residue, a central $-hairpin loop containing a

a) b)

N-terminus
"MIPGGLSEAKPATPEIQE
IVDKVKPQLEEKTNETYG ~ °°
YKLEAVQYKTQVVAGTN ; )
YYIKVRAG®DNKYMHLK @’
VFKSLPGONEDWVLTGYQ
VDKNKDDELTG*F =¥

Figure 1. a) Amino acid sequence of human cystatin A. M =Met=me-
thionine, | =lle=isoleucine, P=Pro=proline, L= Leu=leucine,
S=Ser=serine, E=Glu=glutamic acid, A=Ala=alanine, K=Lys=ly-
sine, T=Thr=threonine, Q=GIn=glutamine, V=Val=valine,

D =Asp =aspartic acid, Y =Tyr=tyrosine, N =Asn = asparagine,
R=Arg=arginine, H=His =histidine, F=Phe = phenylalanine.

b) Schematic three-dimensional structure of human cystatin A.
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consensus QXVXG motif (Figure 1b, loop L1), and a C-
terminal B-hairpin loop (Figure 1b, loop L2).2! Together they
form a large, wedge-shaped binding surface that inserts into
the cathepsin active-site cleft.*

From a retrosynthetic point of view, the 97 amino acid
sequence of cystatin A has been dissected into three sec-
tions,?! to ensure an optimal length of the fragments for their
synthesis by SPPS (Figure 1, green, red, and blue parts). The
C-terminal propargylamide peptides 1 and 2a were obtained
using a general approach based on a backbone-amide-
linker®?! (BAL) strategy (Scheme 1 in the Supporting
Information). Propargylamine and 3-(triisopropylsilyl)prop-
2-yn-1-aminel'®! were subjected to reductive amination with
4-(4-formyl-3,5-dimethoxyphenoxy)butanoic acid, and the
resulting secondary amine was subsequently Fmoc-protected
and loaded onto aminomethyl ChemMatrix resin through
standard amide coupling. Fmoc deprotection furnished the
solid-supported secondary amine, which was efficiently cou-
pled to the next amino acid using HATU (N-[(dimethylami-
no)-1H-1,2,3-triazolo[4,5-b]|pyridin-1-yl-methylene]-N-meth-
ylmethanaminium hexafluorophosphate N-oxide) as the cou-
pling reagent. The SPPS elongations of the three peptide
segments 1, 2a, and 3 were achieved using the Fmoc//Bu
strategy. The main challenge at this stage was to obtain crude
peptides with a high standard purity and yield. Residue 'Met,
which only minimally participates in the inhibitory properties
of the protein,?®*! was substituted by an isosteric norleucyl
residue in peptide segment 1.

Although the synthesis of 3 was straightforward, the low
yields of the first elongations of peptide 1 and 2a carried out
with HBTU (N-[(1H-benzotriazol-1-yl)(dimethylamino)-
methylene]-N-methylmethanaminium hexafluorophosphate
N-oxide) as the coupling reagent were very disappointing.
We exploited recent advancements in SPPS by combining the
use of pseudoproline dipeptide derivatives,” a polar resin,””
and HATU as a powerful coupling reagent, and we conducted
a meticulous step-by-step optimization of the synthesis of 1
and 2a (see the Supporting Information for details). The
synthesis of 2a was particularly demanding,®” and its
purification by conventional reversed-phase (RP)-HPLC
resulted in very low yields. A careful analysis of the crude
peptide revealed the main coproducts to be N-truncated
peptides bearing terminal acetamides, which would not
interfere with the PTL (see the Supporting Information).
We thus decided to directly engage crude, lyophilized 2a in
the CuAAC step, whereas peptide segments 1 and 3 were
purified by RP-HPLC before ligation.

We then determined appropriate reaction conditions to
carry out the first ligation (Scheme 2) between 1 and 2a. We
chose the most standard CuSO,/sodium ascorbate protocol
for the generation of the active Cu' species, and all the triazole
ligations were conducted in an argon atmosphere in a
carefully degassed phosphate buffer at pH 8. A slight excess
of 2a was engaged in a CuAAC with 1 (ca. 1 mm) in a 1:1
HFIP (hexafluoroisopropyl alcohol)/buffer mixture.*!! Grat-
ifyingly, under these conditions, peptide 1 was totally
consumed in less than 15 min to cleanly yield the triazolopep-
tide 4a (Figure 2a, trace 2 and the Supporting Information).
Further treatment with an excess of tetra-n-butylammonium
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Scheme 2. Chemoselective assembly of 5. [a,b] 47 % yield over two
steps. [c] 57 % yield.

fluoride (TBAF) in dimethylformamide (DMF) for one hour
afforded desilylated 4b (Figure 2a, trace3), which was
purified by RP-HPLC and recovered in a good 47 % yield
over two steps. Nonligated, truncated acetamidopeptides that
had been contaminating crude 2a were easily removed at this
step, owing to the advantages associated with an N-to-C
protein assembly.

Peptide alkyne 4b and a slight excess of azidopeptide 3
were then treated under purely aqueous CuAAC conditions.
A complete conversion was once again observed within
15 min (Figure 2b). Although peptide 3 contains Fenton-
oxidation-sensitive His and Met residues, the MS data did not
show any significant [+ 16] adducts typically associated with
deleterious oxidative side reactions. Chromatographic purifi-
cation afforded pure triazole-modified cystatin A § in a good
overall 27 % yield over three steps based on starting peptide
1.

A complete biological characterization of the synthetic
cystatin A 5 was then carried out. The kinetics of cathepsin B,
H, and L inhibition were determined under standard con-
ditions. We used the commercially available recombinant His-
tagged version of human cystatin A as a control (six His
residues inserted between residues
'Met and *Ile). The obtained inhib-
ition constants K; (nanomolar to

a) 4a 2a

4b

1) t=0
2) CUAAC

3) TBAF

14 16 18 20 22 24 26 28 30
t/ min—>

14 16 18 20 22 24
t/ min—>

Figure 2. a) HPLC profiles (detection at 275 nm) of a mixture of 1 and 2a
before (trace 1) and after 15 min CuAAC (trace 2), and after subsequent
fluoride treatment for one hour (trace 3). b) HPLC profiles (275 nm) of a
mixture of 3 and purified 4b before (trace 1) and after 15 min CuAAC
(trace 2). Inset 3) MALDI-TOF spectrum of purified 5. Full details on syn-
thesis and characterization can be found in the Supporting Information.

folds as a monomer with a predominant [-sheet structure, as
observed for the native protein®! (Figure 1 in the Supporting
Information). This observation demonstrated that the tria-
zole-containing protein analogue was able to correctly display
the three noncontiguous interacting regions, thereby adopting
a three-dimensional structure similar to the native proteins
(see Figure 5 in the Supporting Information for a homology-
based model).

Similar to native cystatins, synthetic cystatin A 5 is
insensitive to thermal inactivation, because incubation for

Table 1: Cathepsin inhibition assays.

picomolar range) were similar and cystatin A rec. cystatin A synthetic cystatin A 5

fully consistent with the values Enzyme K; [nm]® K, [nm]™ K; [nm] ks M7T'sTT ks [T
published in  the literature . g o gnayy ghilg obe 40 (3) 30(3)  44x10°(4)  13x10°*
(Table 1), as were the rate constants cathepsin H  0.95%/0.354 0.4 (2) 0.2 3) n.d.d n.d.d
for dissociation (kg,) and for asso-  cathepsin L <0.01°%/0.0018%%/1.384 0005 (3) 0.001 (4) 29x107 (3) 2.9x10°°

ciation (k,,) with cathepsin B and
L. The concentration-independent
circular dichroism spectra with
minima at 217 nm suggested that §

www.angewandte.org
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[a] Published results. [b] Kinetics data were determined by using Enzfitter software (Biosoft, Cambridge,
UK). Z-Phe-Arg-AMC was the fluorogenic substrate for cathepsins B and L and H-Arg-AMC for
cathepsin H. Measured values are given as means without errors, and test numbers are given in
parentheses. AMC = 7-amino-4-methylcoumarin, Z= CBz = benzyloxycarbonyl. [c] Not determined.
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one hour at 60, 80, or 95°C did not impact its inhibitory
potential towards cysteine protease papain (Figure 3 in the
Supporting Information). Similarly, the activity of 5 was
unchanged after both treatment at acidic and basic pH values
(Figure 2 in the Supporting Information).®

After we established that the presence of the triazoles did
not impair the stability of the folded protein, we next
investigated the ability of 5 to inhibit the cathepsin-dependent
invasiveness of highly metastatic MDA-MB-231 breast cancer
cells. This cell line expresses functional cysteine cathepsins
that, as we found, play a predominant role in cancer
invasiveness through degradation of the extracellular
matrix.’”) First, a qualitative assay was performed using
cells cultured in Matrigel® that contained quenched fluo-
rescein linked to gelatin (DQ-Gelatin), which shows green
fluorescence upon proteolysis. The recombinant cystatin A
and E-64, a broad-spectrum cysteine-protease inhibitor, were
included in the trial as controls. Synthetic cystatin A §
impaired the extracellular gelatinolytic activity at a concen-
tration of 100 nm (Figure 3), comparable to the recombinant
protein, and inhibtor E-64 impaired the gelatinolytic activity
at a concentration of 100 um. This inhibitory activity was
further confirmed by the quantification (cell count) of the
inhibition of the MDA-MB-231 cell invasiveness using
Boyden chambers separated by Matrigel, (ca. 50 % inhibi-
tion®™ for both proteins and E-64, see Figure4 in the
Supporting Information). These data demonstrate that the
introduction of the two peptidomimetic bonds is not detri-
mental to the functionality of the synthetic cystatin A §, which
retains the biological potency of its natural counterpart in a
living environment.

This work established the proof-of-concept of a new
peptidomimetic ligation strategy through successive CuUAAC

Control E-64

5

rec. cystatin A

Figure 3. Imaging of the inhibition of the gelatinolytic activity of MDA-
MB-231 breast cancer cells. Glass coverslips were coated with

25 pgmL™' DQ-gelatin in Matrigel. Green fluorescence indicates gelat-
inolytic activity. Cell nuclei are stained in blue by 4',6-diamidino-2-
phenylindole (DAPI). E-64 was used at a concentration of 100 um,
whereas both cystatins were used at a concentration of 0.1 um. The
control corresponds to untreated cells. Representative picture of
triplicate assays. See the Supporting Information for details.
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steps. The azide and alkyne peptides were readily synthesized
by SPPS, and the use of the TIPS group as a temporary
alkyne-masking group for the construction of proteins con-
taining multiple triazole groups was validated. Peptide
ligations were quantitative after 15 min at millimolar peptide
concentrations, thus emphasizing the advantages associated
with a metal-catalyzed reaction, the kinetics of which can be
fully controlled by varying the catalyst loading. Synthetic
cystatin A 5 containing two triazole groups was prepared in
high yields from three fragments, and no deleterious oxidized
coproducts were observed. Triazole-containing protein 5
folded properly and exhibited the expected enzymatic and
functional properties, thereby suggesting a high potential for
triazole-modified proteins. Our approach enables sequential
ligations in the N-to-C direction, compatible with the
presence of unreacted truncated SPPS coproducts, thus
giving us the opportunity to use crude peptide segments. We
expect that the combination of PTL and NCL, which is mostly
carried out in the opposite C-to-N direction, may enable a
fully convergent synthesis of large triazole-containing pro-
teins. Collectively, our results provide the first example of a
bioactive protein obtained by PTL, and we believe that PTL
will become a general and useful tool for the synthetic protein
chemist.
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