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Abstract: We introduce a new and highly efficient synthetic
protocol towards multifunctional fluorescent cyclopeptides by
solid-phase peptide macrocyclization via dipyrrin construc-
tion, with full scope of proteinogenic amino acids and different
ring sizes. Various bicyclic peptides can be created by dipyrrin-
based crosslinking and double dipyrrin-ring formation. The
embedded dipyrrin can be either transformed to fluorescent
BODIPY and then utilized as cancer-selective targeted protein
imaging probe in vitro, or directly employed as a selective
metal sensor in aqueous media. This work provides a valuable
addition to the peptide macrocyclization toolbox, and a blue-
print for the development of multifunctional dipyrrin linkers in
cyclopeptides for a wide range of potential bioapplications.

Conformationally constrained macrocyclic peptides!!! pos-
sessing larger target-selective binding surfaces of higher
affinity,”) ameliorated cell permeability and stability,** and
versatile and remarkable pharmacological properties® com-
pared with their linear counterparts have emerged as novel
and promising molecular platforms for efficaciously modu-
lating disease-relevant protein—protein interactions (PPIs)—
known therapeutic targets or those previously thought to be
“undruggable”.”! To this end, a repertoire of peptide macro-
cyclization and stapling approaches has been developed and
diversified over the past decade. Cross-couplings,® click
reactions,”) C—H activations/functionalizations,’” ring-clos-
ing olefin metathesis reactions'!! Diels-Alder cycloaddi-
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tions,"™? multicomponent Ugi/Petasis-type reactions,™® and
ligation-mediated cyclizations,'¥ among others,"”! have been
established in site-specific fashions employing a variety of
anchoring residues/terminal groups.'® New structural-func-
tional moieties can be introduced into the backbones of
peptide macrocycles via certain above-mentioned approaches
as the staple linkers, which can be manipulated to optimize
the cyclopeptide ring size/rigidity, and furnish new handling
sites for small-molecule drug and fluorescent dye conjuga-
tions to access unprecedented chemotypes and become
powerful tools to probe PPIs and orchestrate therapeutic
applications.['”)

Although monofunctional modifiable staple linkers as
“tritopic connectors” have been well-reported, (Figure 1a)
other strategic functional designs and applications still remain
underexplored. For luminescent staple linkers, Fei et al. have
reported a luminogenic peptide stapling strategy utilizing
bis(histidine)—iridium(IIT) complex coordination chemistry
with RGD and oligoarginine peptides for cancer cell target-
ing, imaging and killing."®'! Perrin et al. have realized a mild,
metal-free, and late-stage fluorescent isoindole crosslink
strategy by employing phthalaldehyde-mediated “isoindole
intramolecular stapling” chemoselectively with peptides’
amine-thiol groups, where the isoindole can serve as a fluo-
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rophore.”” On the other hand, through installing photo-
responsive azobenzene,?!! by Gorostiza et al., or photocleav-
able s-tetrazine staple linkers,”? by Smith et al., precision
optical modulations of stapled peptides for “off-on” inhib-
ition and unstapling have also been feasible (Figure 1b). For
a catalytic linker, Mascareiias et al. realized the first “stapled
pallado-miniprotein”-promoted depropargylation reaction in
live cells.”® To develop new multifunctional staple linkers for
de novo macrocyclic/stapled peptide design for both medic-
inal and bioanalytical chemistry purposes, more advances in
cyclization/coupling reactions and their translational applica-
tions into cyclopeptide syntheses, functionalizations and
modifications are urgently needed.

Very recently, our group has disclosed a facile, efficient,
and purification-economical Fmoc-based solid-phase syn-
thetic method for fluorescent boron-dipyrromethene
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(BODIPY)-peptide conjugates via in situ dipyrrin construc-
tion.” We then speculated that such solid-phase dipyrrin
assembly reaction can also be compatibly utilized for peptide
macrocyclization and stapling, i.e., the dipyrrin as a new
multifunctional staple linker, to obtain highly sought-after
either fluorescent BODIPY-containing, or metal-chelating
thus light-emissive macrocyclic peptides. Herein, we unleash
the potential of a new multi-functional dipyrrin staple linker
and introduce our solid-phase peptide macrocyclization and
multifunctionalization strategy via dipyrrin coupling and
manipulation (Figure 1c). Broad substrate scopes (i.e.,
amino acids and the meso position of dipyrrin) of the reaction
are substantiated, while enhanced stabilities and higher
selective target binding affinities of the resulting dipyrrin-
cyclopeptides than their linear counterparts are corroborated.
Various bicyclic peptides can also be formed by dipyrrin-
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Figure 2. Formation of dipyrrin cyclopeptides. Percent conversions were reported and determined by HPLC. a) The synthetic routes for dipyrrin-
GHK cyclopeptides, where the dipyrrin linker can be constructed by Methods A/B for the scope of meso bridge. b) The synthetic routes for
constructing dipyrrin on different peptide chains containing two pyrrolyl groups, incorporating all proteinogenic amino acids of different ring sizes

by Method A* and/or Method B®.
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based crosslinking and bicyclization. With the cyclic RGD
and GHK peptide backbones, the dipyrrin staple linker can be
either transformed to fluorescent BODIPY and then utilized
for bladder cancer cell (T24)-selective targeted a,f; integrin
probe, or directly employed as a selective zinc(II) sensor in
aqueous media (detection limit=4.37 nm). This work pro-
vides a practical addition to the reaction toolbox available for
accessing peptide macrocycles, with dipyrrins being multi-
functional staple linkers.

To construct our proposed cyclopeptides cyclized by the
dipyrrin moiety, we initiated the study of dipyrrin-directed
peptide macrocyclization methodology with the GHK pep-
tide sequence, based on the FDA-approved drug prezatide, as
the first trial. As shown in Figure 2a, the commercially
available COOH-containing pyrrole building block, 3-(2,4-
dimethyl-1H-pyrrol-3-yl)propanoic acid, was efficiently cou-
pled onto two amine groups (N-terminus and/or side chain of
lysine) on the resin-bound GHK under solid-phase condi-
tions. Upon systematic screening, Methods A and B were
discovered and strategically optimized for introducing various
alkyl and aromatic moieties at the meso position of the
formed dipyrrins. The commercially available orthoesters
were used for constructing dipyrrins with hydrogen, methyl or
ethyl groups at the meso position effectively (Method A, 1a—
1¢) with the aid of POCI; in CH,Cl,. With our previously
established protocol,?! the two pyrroles on-resin can be
condensed with various commercially available aldehydes
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(e.g., polarity-sensitive pyrene and AIEgen tetraphenyl-
ethene) under the catalysis of BF;-OEt, in DMF, and the
resulting dipyrrin-cyclopeptides could be obtained with high
percent conversions (all >80%) after DDQ oxidation and
global cleavage and deprotection (Method B, 1d-1h). In
essence, when 4-carboxybenzaldehyde was used, COOH-
containing dipyrrin cyclopeptide could be obtained (1h) with
very high percent conversion (94%), and continued SPPS
with it afforded 1i to have an additional peptide chain, which
may accomplish other functions or serve as anchors for
further manipulations.

We then adopted these methods on a series of other
peptide chains (Figure 2b) to yield 2 (GAK peptide), 4a-4d
(XRGDX peptides, where X are amino acid residues with
amines on their side chain in different lengths for screening
a suitable a,fs-targeting RGD cyclic peptide), 5 (derived
from FDA-approved cyclic peptide drug Bremelanotide), 6, 7,
and 8 (derived from ATSP-6935, a P53-targeting cyclic
peptide under clinical trial), all in reasonable conversions
(&30-70 %). Both head-to-side chain and side chain-to-side
chain cyclizations could be performed with different ring sizes
(containing 3-8 residues) and 20 standard proteinogenic
amino acids had been proved to be compatible with both
Methods A and B. We further strove for some special cases
with our methods (Figure 3). The bridged bicyclic product 9
(Figure S5, S6) was obtainable by Method B with 4-carboxy-
benzaldehyde followed by intramolecular amidation (49 %
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Figure 3. Special cases: bicyclic product 9,
reported and determined by HPLC.

“interbranch”-coupled product 10, and double-dipyrrin cyclic peptide 11. Percent conversions were
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percent conversion). When Method A was carried out on
a RGD peptide with only one amine group, “interbranch”
coupling happened to create the dipyrrin-bis(RGD)-peptide
conjugate 10 (Figure S7) in ~70% percent conversion. In
particular, we achieved a head-to-side chain and a side chain-
to-side chain dipyrrin cyclic linker on the same peptide chain
to afford double-cyclic 11 (Figure S8, S9) in a stepwise
manner in 30 % conversion.

RGD peptides are known for their preferential binding to
the a,f; integrin,®! which is overexpressed in bladder cancer
cells.”! With the new structures of dipyrrin-embedded cyclic
RGD (cRGD) peptides (4a—4d) secured by our new synthetic
methodology, we next evaluated their protease resistance,
analyzed their conformation, examined their selective o,
binding affinity, and measured their photophysics upon
further BODIPY transformation in order to develop them
as new fluorescent cyclopeptide-based targeted o, 3; probes as
a model case study. A protease stability assay, with trypsin at
37°C, was conducted for both 3a (linear KRGDK peptide as
the control, Figure S3) and 4a (cyclic dipyrrin-embedded
KRGDK peptide). The assay results showed that 3a was
decomposed completely within 30 min, while around 60 % of
4a still survived after 240 min (Figure 4a), thereby proving
the far higher protease resistance of cyclic 4a than the linear
3a. Circular dichroism (CD) measurements were performed,

a S 100 3a b
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2 20
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Figure 4. Dipyrrin/BODIPY-embedded cRGD peptides as potential
o,P; probe. a) In vitro trypsin resistance assays for cyclic 4a versus
linear 3a at 37°C. b) a,8; binding assay of cyclic 4a—d, linear 3a, and
the positive control cilengitide. c) The structures of BODIPY-embedded
cyclopeptides 4b-BODIPY. d) The normalized excitation/emission
spectra of 4b-BODIPY in HEPES buffer, with the quantum yield

() =0.93 and the lifetime () =7.1 ns. e) Confocal imaging of 10 um
4b-BODIPY (green) and fluorescent a,f3;-specific antibody (red) in
T24, MRC5, and Hela cell lines. Error bars represent the standard
deviation of the mean.
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at 25°C, to analyze if there would be any conformational
differences between the linear 3a-3d (Figure S3 and S4) and
cyclic 4a—4d, and random coiled structures of all of them were
demonstrated, with the shape of peak signals of the cyclic
samples being more obvious (Figure S19). The a,f; binding
competitive displacement assay”” was carried out with cyclic
4a-4d, linear 3a, and the positive control cilengitide (a
commercially available cyclic RGDfV peptide selectively
targeting o,f;) and the result validated that 4b showed
a higher binding affinity than 4a, 4c—4d, as well as its linear
version 3b (Figure 4b). Molecular docking was also con-
ducted for 3a-3d and 4a—4d; all of them overlapped with the
RGD motif of fibronectin (Figure S21-S23, the native ligand
in the crystal structure of a,f;) with the estimated binding
energies in the order of 4b>4a/4c>4d>3a-3d that
accorded well with the result of a binding affinity assay
(Table S6). Therefore, boron complexation was implemented
on 4b to convert it into the corresponding BODIPY-
embedded cyclo-XRGDX-peptide 4b-BODIPY (X =Orn,
Figure 4c) with bright fluorescence (quantum yield (@)=
0.93; lifetime (z) =7.1 ns, Figure 4d). We performed confocal
in vitro imaging for 4b-BODIPY with a,f3;-overexpressed
bladder cancer T24 cell lines, as well as the negative control
normal MRCS5 and cervical cancer HeLa cell lines (Fig-
ure 4¢). Both 4b-BODIPY (green) and the fluorescent a.,f35
specific antibody (red) displayed good preferential cellular
uptake and excellent signal overlapping in T24 cell lines, but
not in the others. This indicated the great potential of 4b-
BODIPY as a fluorescent cyclopeptide-based targeted a,f3;
probe! whose fluorescence comes from the BODIPY staple
linker.

In addition, GHK peptide and dipyrrin are well-known
moieties to chelate with zinc(II) ions;® we were then
interested to see if 1a (of cyclic GHK peptide, cGHK)
could be employed as a new potential fluorescent Zn** sensor.
Impressively, 1a exhibited a highly sensitive and selective
response toward Zn?" over a wide range of dications in
aqueous media as fluorescence intensity increased over 130-
fold upon the addition of Zn*" (Figure 5a,b, Video S1). The
stoichiometry between 1a and Zn’" was determined as 1:1 by
Job’s plot (Figure S13). The detection limit of 1 um 1a toward
Zn*" was calculated to be 4.37 nm (Figure S12), while the
quantum yield of 1a with saturated Zn** was recorded to be
0.31. No significant temperature effect (at 0°C, 25°C and
37°C) was found towards 1a’s emission intensity (Fig-
ure S14); 1a functioned pretty well under basic conditions
(pH 7-11) but not under acidic conditions (pH < 6.5, Fig-
ure S15). To better understand 1a’s zinc binding ability and
sensing mechanism, we measured the binding constant of 1a
with Zn** in HEPES buffer, which was found to be 1.418 x
10°m7!, a value of not so strong binding. Therefore, the
fluorescence could be quenched by addition of DTPA,
a strong metal chelator. On the other hand, fluorescence
Zn*" titrations were also performed for meso-substituted 1b
and 1d, GAK-based variant 2, as well as the linear analogue 8,
and none of them manifested a performance as good as 1a’s.
For 1b and 1d, with the methyl/phenyl substitution on the
meso position, they showed very faint fluorescence over the
titration,* despite showing similar binding constants with
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Figure 5. Dipyrrin-embedded cGHK peptide 1a as a selective Zn*"
sensor in aqueous buffer HEPES. a) The fluorescence titration of 1a
with Zn*". b) The fluorescent responses of 1a toward various metal
jons. c) The changes in NMR spectrum of 1a upon the addition of
Zn(OAc),.

Zn** as 1a (Figure S16). The dipyrrin-embedded GAK
cyclopeptide 2 missing the imidazole side chain also illus-
trated over 100-fold enhancement as the addition of excess
Zn*"; however, its sensitivity was proved far poorer than 1a’s,
with its binding constant being ~1/50 of that of 1a (Fig-
ure S17). For the linear analogue of dipyrrin-attached GHK
peptide conjugate S6 (Figure S10), its binding constant was
found to lie in between that of 1a and 2 (Figure S18). All
these findings substantiated that the unique scaffold of
dipyrrin-embedded cGHK peptide and the presence of
imidazole group were crucial for the serendipitous Zn*"
chelating and sensing properties of 1a. The binding between
1a and Zn?" was then monitored by NMR titration (Fig-
ure 5¢). Upon the addition of Zn*' salt, both the signal of
imidazole-NH and dipyrrin-NH were decreased/broadened
simultaneously, which indicated the zinc atom had bound to
imidazole-NH and dipyrrin-NH at the same time. The two
imidazole-CH were also found shifting during the titration,
while other signals remained unchanged.

In summary, we report a new and highly efficient solid-
phase synthetic methodology towards multifunctional fluo-
rescent cyclic peptides of broad amino acid scope and varying
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ring size via dipyrrin coupling-driven head-to-side chain and
side chain-to-side chain peptide macrocyclization, where the
resulting dipyrrin serves as a new multifunctional staple
linker. Various complex bicyclic peptide structures can be
obtained; in two of our models, with the cyclic RGD and
GHK peptide backbones, the embedded dipyrrin can be,
respectively, either transformed to fluorescent BODIPY (4b-
BODIPY) and then utilized as a bladder cancer cell (T24)-
selective targeted a,f; integrin probe in vitro, or directly
employed as a selective zinc(II) sensor (1a) in aqueous media.
From these first-generation multifunctional fluorescent cyclo-
peptides (4b-BODIPY and 1a), insights have been gained for
the importance of the linker length of the cyclic peptide
scaffold as well as the presence of donor side chain as
multidentate ligand. This work provides a valuable addition
to the peptide macrocyclization—-multifunctionalization tool-
box and empowers the further development of multifunc-
tional dipyrrin-cyclopeptides for multifarious bioapplications.
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