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Facile Peptide Macrocyclization and Multifunctionalization

via Cyclen Installation

Tsz-Lam Cheung, Leo K. B. Tam, Wing-Sze Tam, Leilei Zhang, Hei-Yui Kai, Waygen Thor,
Yue Wu, Pak-Lun Lam, Yik-Hoi Yeung, Chen Xie, Ho-Fai Chau, Wai-Sum Lo, Tao Zhang,*

and Ka-Leung Wong*

Cyclen-peptide bioconjugates are usually prepared in multiple steps that
require individual preparation and purification of the cyclic peptide and
hydrophilic cyclen derivatives. An efficient strategy is discovered for peptide
cyclization and functionalization toward lanthanide probe via three
components intermolecular crosslinking on solid-phase peptide synthesis
with high conversion yield. Multifunctionality can be conferred by introducing
different modular parts or/and metal ions on the cyclen-embedded
cyclopeptide. As a proof-of-concept, a luminescent Eu>* complex and a
Gd>*-based contrasting agent for in vitro optical imaging and in vivo
magnetic resonance imaging, respectively, are demonstrated through utilizing
this preparation of cyclen-embedded cyclic arginylglycylaspartic acid (RGD)

peptide.
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1. Introduction

Peptide, owing to its excellent bio-
compatibility, enhanced tissue pene-
tration, ease of modification, and low
immunogenicity,['! has been utilized as
therapeutics since the first medical use
of insulin in 1922.12) To date, around 80
FDA-approved peptide-based drugs have
entered the global market with more than
150 peptides in clinical development.!
Apart from being the modulator of in-
tracellular protein—protein interactions
(PPI),l¥ anticancer and antibacterial
agents,[>®l numerous peptide sequences
have been identified with high affinity
to specific receptors with the aid of phage display technology.l”*!
Compared to its conformationally flexible linear counterpart,
cyclopeptide shows dramatic proteolytic stability conferred by
structural rigidity, enhanced bioactivity, better cell permeabil-
ity, and increased binding affinity.®-'2) Numerous macrocycliza-
tion strategies, such as lactamization!'3l/lactonization,['*] ring-
closing metathesis,['®! Diels-Alder cycloaddition,'®! disulfide
bridge formation,”! click chemistries,*®! and multi-component
reactions,!!% have been developed in the past few decades to in-
troduce conformational constraints in short- and medium-size
peptides.l'’l Meanwhile, peptide functionalization is also crucial
for the development of diseased tissue-specific therapeutics,?!
diagnostics,?!l and theranostics,[??l in particular for conju-
gating targeting peptides to the functional motifs. There-
fore, chemists have strived for years to develop simple, ef-
ficient, and chemoselective strategies to synthesize function-
alized cyclopeptides. Generally, two-component macrocycliza-
tion involving a pre-functionalized staple linker!?}] or a modifi-
able staple linker bearing a functional motif for post-cyclization
functionalization!?*%! is adopted. For example, Spring and co-
workers developed the double-click stapling of diazido peptides
using pre-functionalized dialkynyl linkers.['] However, there are
inherent limitations such as the tedious synthetic work of the sta-
ple linker with limited functionality and the independent module
preparation of stapler, peptide, and functional motif. Another less
common practice developed in recent years is to cyclize the pep-
tide with the functional motif and incorporate it in the backbone
of the staple linker.126?7] Perrin and co-workers introduced the
crosslinking of ortho-phthalaldehyde (OPA) with an amine and
thiol to generate a fluorescent isoindole-bridged cyclopeptide.[?®!
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Figure 1. Schematic representation of the diverse biomedical applications for cyclen-embedded peptide macrocyclization strategy in radiotherapy,
receptor-specific in vitro luminescence imaging, and fast responding in vivo MRI.

Nonetheless, only single-purpose functionality is achieved upon
cyclization with the corresponding motif.

To circumvent this problem, we developed the first versa-
tile multifunctionalized cyclen-embedded peptide stapling strat-
egy (Figure 1). Cyclen (1,4,7,10-tetraazacyclododecane) deriva-
tives such as DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) exhibit robust kinetic inertness and thermody-
namic stability in metal coordination.[?*3% With numerous com-
mercial sources and well-established protocols for modifying
cyclen building blocks, these macrocyclic ligands can also be
diversely functionalized upon antenna installation and/or lan-
thanides and transition metals complexation, introducing vari-
eties of potent biomedical applications such as luminescence
imaging,[*1*2] magnetic resonance imaging (MRI),!*! positron
emission tomography (PET), and radiotherapy.**! The most com-
mon practice to prepare cyclen-peptide bioconjugates is that the
highly water-soluble lanthanide bioimaging or MRI probe and
the linear/cyclic peptide are individually synthesized and purified
before their conjugation in aqueous phase through amide bond
formation®*38) or click chemistry.?*#%l Another less common ap-
proach is to install the lanthanide probe directly on the linear pep-
tide via solid-phase peptide synthesis.[*}~**] Nevertheless, peptide
cyclization and probe installation are achieved in multiple steps,
rendering its efficiency and cost-effectiveness in green chemistry.
Although cyclen-peptide conjugates have been widely reported
and well-summarized for improving tumor-specific theranostic
outcomes, ] cyclen derivatives have never been applied to form
direct crosslinking on peptides and serve simultaneously as mul-
tifunctional ligands.

We report in this work an efficient cyclen-embedded peptide
macrocyclization strategy via three components intermolecular
crosslinking to prepare cyclopeptide at high conversion yields
and with a range of functionalities upon different modular parts
or/and metal ion installation. Cyclen is used as the backbone of
the stapled linker for peptide macrocyclization on the solid phase
and at the same time as a metal chelator. This functionalized
cyclopeptide can be further incorporated with an antenna and/or
simply coordinated with different lanthanide ions as a probe
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for biomedical applications. As a proof-of-concept, an arginyl-
glycylaspartic acid (RGD) peptide, which binds preferentially to
a,f, integrin that is overexpressed in angiogenesis and tumor
metastasis, % is cyclized using our cyclen-embedded strategy,
followed by lanthanide complexation to give an antenna-
equipped Eu** cancer diagnostic probe and a Gd**-based
contract agent for in vitro luminescent imaging and in vivo MRI,
respectively.

2. Results and Discussion

Considering lysine residues (Lys, K) have good nucleophilic-
ity and bear long flexible side chains that favor intermolecular
crosslinking, the cyclization method is initially demonstrated on
a resin-bound KRGDK peptide 1 with a 4-methoxyphenylacetyl
capped N-terminal (Scheme 1). The two amine groups on
the Lys side chains were then coupled with bromoacetic
acid (20 equiv) in the presence of DIC (20 equiv) in
DMF to give the bromo-functionalized resin-bound peptide
2 as the key intermediate. The optimized cyclization condi-
tion of 16 h with 1.5 equiv. of commercially available cy-
clen building block 1,7-bis(tert-butoxycarbonylmethyl)-1,4,7,10-
tetraazacyclododecane 3a was adopted to obtain the desired
cyclen-embedded cyclic KRGDK peptide (cyc-RGD) (Table S4,
Supporting Information). Alternatively, a modular approach for
post-cyclization functionalization can be achieved by incorporat-
ing a bis-Alloc protected cyclen building block 3b with resin-
bounded peptide 2, as this methodology restricted side reactions
in each step and gave high conversion yields. Functional modu-
lators can be introduced to the two secondary amines on cyclen
after the removal of the Alloc protecting groups with reference to
the modified standard protocol.[’] In this case, a well-known car-
bostyril (cs)-based antenna 5 that sensitizes a series of lanthanide
ions!*l was integrated with resin-bounded peptide 4b to obtain
cyc-RGD-cs (conv. 68%) after global cleavage as a ligand for lu-
minescent lanthanide probes. The course of the formation was
monitored step-by-step by HPLC and ESI-MS to demonstrate the
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Scheme 1. The synthetic scheme of cyclen-embedded cyclopeptides cyc-RGD and cyc-RGD-cs constructed on resin-bound RGD peptide.

perfect conversion of cyc-RGD and cyc-RGD-cs under the optimal ~ expression. The overall results demonstrated that Eu-cyc-RGD-cs

condition (Figure S1, Supporting Information). could serve as a safe and a, #;-targeting cancer luminescent imag-
Luminescent lanthanide imaging offers remarkable advan-  ing probe.
tages over conventional fluorescent imaging for the en- The multifunctionalities of cyc-RGD can be achieved sim-

hancement of signal-to-noise ratio due to the distinct emis-  ply by coordinating with different metals or their radioisotopes
sion peaks, large ligand-induced Stokes shifts, and long-  (M-cyc-RGD) (Figure 3a). DOTA-chelating radionuclides, includ-
lived luminescence.[*] The antenna-containing cyclopeptide cyc-  ing ®Ga, *Cu, *°Y, and ’Lu, are commonly used in PET and
RGD-cs can coordinate with various trivalent lanthanide ions  radiotherapy.>*! With the cyclen backbone, cyc-RGD can strongly
to yield Ln-cyc-RGD-cs which gives luminescence in the visible  chelate to the non-radiative isotopes of Ga**, Cu?*, Y**, and Lu’*
and/or near-infrared (NIR) range (Figure 2a). Our cyclopeptide  ions respectively. These isotopes were chelated using the estab-
was found to sensitize the visible luminescence of Eu**, NIR lished protocols with the addition of 0.5 equiv. of the correspond-
luminescence of Yb**, and the dual luminescence of Sm3*. All  ing metal ions and ~#50% conversion can be observed (Figure 3b),
of them showed characteristic emission profiles in the HEPES  suggesting M-cyc-RGD can be a potential a,f;-targeting radio-
buffer at room temperature (Figure 2b-d).3YIThe photophysi-  pharmaceutical upon radiolabelling. Besides, cyc-RGD can un-
cal properties, emission lifetime, g-value,®®! quantum yield,**?]  dergo complexation with Gd** ions to give Gd-cyc-RGD as an
and brightness!>* of Eu-cyc-RGD-cs, Sm-cyc-RGD-cs, and Yb-  MRI contrast agent. As the lanthanidecounterpart showed mini-
cyc-RGD-cs are summarized in Table 1. mal cytotoxicity in vitro, we further assessed the in vivo capability
It is imperative to assess the cytotoxicity of Eu-cyc-RGD-cs  of Gd-cyc-RGD for its potential use as an MRI contrast agent. The
before utilizing it as an a,f;-specific imaging probe at the cel-  proteolytic stability against trypsin at 37 °C of Gd-cyc-RGD and
lular level, and this was investigated by MTT assay in a,f;- its control, linear KGRDK peptide 1, (Scheme 1) was first evalu-
overexpressed human bladder carcinoma cell line T24 and hu-  ated. While peptide 1 almost completely decomposed within 4 h,
man glioblastoma cell line U-87 MG cell lines and the normal = 51% of Gd-cyc-RGD remained intact (Figure 3c). The enhanced
human lung fibroblast MRC-5 cell lines. As shown in Figure S5  protease resistance of cyclopeptide-based Gd-cyc-RGD than the
(Supporting Information), Eu-cyc-RGD-cs was non-cytotoxic up  linear peptide 1 due to its constrained structure is expected to
to 100 umM in all cell lines, revealing the high biocompatibility of  improve the body circulation time and tumor targeting.
our complex. To examine the a,f;-specific targeting, T24 cells, On the other hand, the kinetic stability which reflects the ex-
U-87 MG and MRC-5 cell lines were first incubated with 50 pm  tent of metal leaching was examined. Gd-cyc-RGD and its con-
of Eu-cyc-RGD-cs in either McCoy’s 5A (Modified) Medium (for ~ trol, FDA-approved MRI contrast agent Dotarem (Gd-DOTA)
T24 cells) or in Minimum Essential Medium (for U-87 MG and  were incubated in 0.IN HCI (pH = 1) over a period of 24 h
MRC-5), followed by the immunoluminescence imaging of a,f;  and the acid-catalyzed decomplexation process was monitored by
in these cell lines after fixation (Figure 2e). It is noteworthy =~ HPLC (for Gd-cyc-RGD) or LC/MS (for Gd-DOTA).I*! As shown
that a comparatively high concentration was used due to the rel-  in Figure S6 (Supporting Information), Gd-cyc-RGD almost re-
atively low brightness of our complexes when compared with  mained intact while ca. 10% of Gd-DOTA was degraded. To fur-
other lanthanide complexes with the same cs-based antenna.l®!  ther understand the thermodynamic stability of Gd-cyc-RGD, a
The results indicated the red emission signal of Eu-cyc-RGD-cs  competition assay was performed with a well-known and strong
co-localized well with the green signal from the « f#; antibody lanthanide chelator, diethylenetriamine pentaacetate (DTPA).1>°]
in a f;-overexpressed T24 (Pearson coefficient: 0.784) and U-87  Upon incubation with or without 10, 100, 500, or 1000 equiv.
MG cell lines (Pearson coefficient: 0.470), while negligible signals ~ of DTPA for 24 h, negligible decomposition of Gd-cyc-RGD
could only be observed in normal MRC-5 cell line with low @, ;-  was observed (Figure S7, Supporting Information), which was
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Figure 2. a) General structure of Ln-cyc-RGD-cs for visible to NIR luminescent imaging upon different metals coordination. The normalized excitation
(in black) and emission spectra (in color) of b) Eu-cyc-RGD-cs (20 um), ¢) Sm-cyc-RGD-cs (30 um), and d) Yb-cyc-RGD-cs (84 um) in 10 mm HEPES buffer
measured at room temperature. e) Immunoluminescence imaging of a, f3 in T24 (a,f;3%), U-87 MG (a,f;%) and MRC-5 (a, ;™) cells after incubation
of 50 um Eu-cyc-RGD-cs in medium for 24 h (scale bar: 50 pm).

Table 1. The photophysical properties, luminescence lifetime (z), g-value, quantum yield (®), and brightness (BR) of Ln-cyc-GRD-cs.

Complex Ay [nmM] € [x 10 M~T cm™] Ao [nM] 7 (H,0)°)[ms] 7 (D,0)?[ms] ¢, [%] BRY[M~T cm™]
Eu-cyc-RGD-cs? 340 8.01 580, 592, 618, 651, 687 0.640 1.409 1.67 134
Sm-cyc-RGD-cs 342 9.60 564, 602, 644, 710, 901, 938, 1027, 1161 0.018 0.032 0.04 3.84
Yb-cyc-RGD-cs 351 2.41 981,998, 1021, 1043 0.013 0.069 0.07 1.69

) The g-value is determined as 0.91, which is calculated by 3.02 x [z (H,0)~ "=z (D,0)~'—0.25-0.075x] (x = number of amide N-H oscillators);!°! ®) Determined from the

corresponding emission decay curve;  Relative to the corresponding standard Ln(TTA); complexes;[5":52] ) Calculated from BR = attenuation coefficient x quantum yield.[3]
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Figure 3. a) General structure of M-cyc-RGD and its potential biomedical applications upon different metal coordination. b) HPLC chromatograms of
non-radioactive isotope labeling of M-cyc-RGD. c) Stability tests of Gd-cyc-RGD and peptide 1 against enzymatic peptide degradation as monitored
by HPLC. Peptide remaining (%) was calculated by Acomplex/ZAmixture. d) Relaxation rates 1/T; and e) 1/T, versus Gd-cyc-RGD and Gd-DOTA
concentrations. f) Quantification of T, contrast enhancement of Gd-cyc-RGD and Gd-DOTA in tumor over 8 h. g) T,-weighted MRI scans of a,f;-
positive U-87 MG cell tumor xenografts in nude mice treated with 0.1 mmol kg~" of Gd-cyc-RGD or Gd-DOTA over a period of 8 h. Data are expressed
as the mean = standard deviation (SD) of three independent experiments. ““p < 0.01 and™*p < 0.001 as calculated by the Student’s t-test.

comparable to Gd-DOTA under the same conditions, suggest-
ing no ligand displacement occurred even at a high concentra-
tion of competitors. It is worth mentioning that these stability-
related assays were also performed with Eu-cyc-RGD-cs and the
results showed it was highly stable in both acidic environments
and high concentrations of DTPA (Figures S6 and S7, Support-
ing Information). In our metal complexes, two or four carboxylate
sidechains were replaced by amides when compared with the typ-
ical DOTA chelator. It is believed that the locked amide sidechains
of the cyclen for peptide cyclization reduce the chance for the
outer species to interact with the coordinated metal ion which
minimizes the metal leaching upon acid digestion or ligand dis-
placement. All these results suggested our metal complexes pro-
vided high and comparable kinetic inertness and thermodynamic
stability with lanthanide-DOTA complex for safe biological appli-
cations.
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To evaluate the effectiveness of Gd-cyc-RGD for MRI, the lon-
gitudinal relaxivities (r,) and transverse relaxivities (r,) were mea-
sured at 20 °C and 1.4 T using Gd-DOTA as control. As shown
in Figure 3d,e, Gd-cyc-RGD (r; = 4.47 and r, = 5.06 mm~! s71)
showed better MRI-contrasting ability compared to Gd-DOTA (r,
= 3.52 and r, = 4.07 mm~! s7'). Lastly, the in vivo MRI con-
trasting ability of the Gd-cyc-RGD and Gd-DOTA was studied
and compared in a, f;-positive U-87 MG cell tumor-cell xenograft
mouse models. As shown in Figure 3g, T,-weighted MR images
of the tumor-bearing mice were captured at various time points
within 8 h upon intravenous injection (both at 0.1 mmol kg™).
For Gd-cyc-RGD, a fast response was observed with the signal in-
tensity on the tumor site reaching its maximum after 0.5 h post-
injection and remaining high until 1 h post-injection. Instead,
Gd-DOTA required a longer response time for 2 h post-injection,
which is four times slower than Gd-cyc-RGD (Figure 3f). The

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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GB = -19.57 kcal/mol
PB = -23.09 kcal/mol

GB = -36.20 kcal/mol
PB = -40.77 kcal/mol

GB = -74.01 kcal/mol
PB = -77.26 kcal/mol

Figure 4. The representative conformations of a) linear RGD peptide, b) Y-cyc-RGD, and c) Y-cyc-RGD-cs (using Y3* as an analog for Gd** and Eu* to
avoid spin contamination) with «, 85 protein (blue) over 100 ns of molecular dynamics simulation. The calculated generalized Born (GB) and Poisson-

Boltzmann (PB) values represent the binding free energy.

half-an-hour effective period and higher maximum signal inten-
sity of Gd-cyc-RGD over Gd-DOTA on the tumor site were con-
tributed by its higher relaxivity and preference to be retained in
a, B;-overexpressed tumors owing to the presence of the cyclic
KRGDK peptide. All these features concluded that cyc-RGD can
be functionalized as a promising MRI contrast agent.

Computational modeling and simulations were conducted
to study the binding between Gd-cyc-RGD or Eu-cyc-RGD-
cs (using Y** as an analog for Gd** and Eu®* to avoid
spin contamination) and «,f; integrin using Molecular Me-
chanics Poisson-Boltzmann/Generalized Born Surface Area
(MMPBSA/MMGBSA) calculation.[’] The binding free energies
in terms of Generalized Born (GB) and Poisson-Boltzmann
(PB) values, were found to be —36.20 and —40.77 kcal mol™!
respectively for the optimized structure of Y-cyc-RGD (Figure 4),
which were remarkably lower than that of the linear RGD
peptide (GB = —19.57 kcal mol~!; PB = —23.09 kcal mol™!). A
much stronger binding energy between Y-cyc-RGD-cs and «a,f,
integrin (GB = —74.01 kcal mol™'; PB = —77.26 kcal mol™!)
was also calculated to support the high specificity of this
probe toward a,f;-overexpressed cancer cells. In addition,
Y-cyc-RGD was calculated to have a similar binding pocket
to the linear RGD peptidel®®! with a,f, integrin (Figure S12,
Supporting Information), revealing a strong binding between
Y-cyc-RGD and «a, f, integrin which is consistent with our results
above.

3. Conclusion

In summary, we have developed a novel and highly efficient solid-
phase synthetic strategy for preparing multifunctional cyclen-
embedded cyclopeptides. The cyclopeptides can be transformed
into different theranostic agents through coordination with dif-
ferent metal ions. As a concept-proofing model, a cyclic KRGDK
peptide can be either transformed into an in vivo MRI contrast
agent (Gd-cyc-RGD) or a luminescent bioimaging tool (Eu-cyc-
RGD-cs) that can be utilized as an in vitro probe which specif-
ically binds to a,f#; integrin in cancer cells. This work not only
suggests the great potential of cyclen as a staple linker but also
provides an invaluable addition to the peptide macrocyclization
and multifunctionalization toolbox.
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