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Cyclophilins (Cyps) are peptidyl-prolyl isomerases (PPIases) which catalyze cis-

trans isomerization of peptidyl-proline. Among 17 human Cyp isofoms, first 

identified and most abundant isoform, cyclophilin A is mainly expressed in cytosol, 

involved in several human diseases such as rheumatoid arthritis (RA), Alzheimer’s 
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disease (AD), cancer and viral infection. Another important therapeutic target 

isoform, cyclophilin D (CypD) is located in mitochondrial matrix, known as a key 

player of Ca2+ induced opening of mitochondrial permeability transition pore 

(mPTP). Opening of mPTP causes the loss of mitochondrial inner membrane 

potential, releasing cytochrome c to cytosol, which leads to mitochondria-driven 

apoptosis. The well-known natural Cyp binder, cyclosporine A (CsA) inhibits the 

activities of the Cyps at low concentrations. However, the limited use of CsA owing 

to its undruggable properties such as high cytotoxicity, low solubility and poor BBB 

permeability suggests the necessity of new strategies or even new compounds that 

can replace CsA. Herein, One-bead-one-compound (OBOC) cyclic peptoid library 

was used for the identification of de novo cyclophilin inhibitors. Ten selected 

compounds were individually synthesized and their inhibitory activities against Cyps 

were monitored. Compared to CsA, cyclic peptoid I11 showed equipotent inhibition 

of CypD activity with lower cytotoxicity and better BBB permeability.  
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Introduction 

 

Cyclophilins (Cyps) are peptidyl-prolyl isomerases (PPIases) which catalyze cis-

trans isomerization of peptidyl-proline.1 These proteins are involved in many human 

diseases such as Alzheimer's disease, Rheumatoid Arthritis, cancer or viral 

diseases.2-6 Human Cyps have 17 isoforms with high sequence similarity but distinct 

functions and distribution, making them to be involved with various pathologies.7 

 First identified and most abundant isoform,8 cyclophilin A (CypA) is mainly located 

in cytosol and also known to be secreted to extracellular space.9-12 The well-known 

natural product inhibitor of Cyps, cyclosporine A (CsA) binds to CypA, preventing 

calcineurin, a calcium-induced serine-threonine phosphatase, from activating 

nuclear factor of activated T cell (NFAT), a transcription factor for immune responses 

such as production of pro-inflammatory cytokine interleukin 2 (IL-2).13, 14 

Another promising therapeutic target isoform, cyclophilin D (CypD) is located in 

mitochondrial matrix, playing a decisive role in Ca2+ induced mitochondrial 

permeability transition pore (mPTP) opening. 15-17 The opening of mPTP causes the 

loss of mitochondrial inner membrane potential, releasing cytochrome c to cytosol, 

which leads to mitochondria-driven apoptosis. 18 CypD-deficiency showed neuronal 

or mitochondrial protective effect in Traumatic Brain Injury (TBI) and 

neurodegenerative diseases such as Alzheimer’s disease.19-21  

As a tight binder of Cyps, CsA is utilized as an inhibitor of either CypA or CypD 

in many studies. In the past, CsA was widely used as an immunosuppressant to 
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prevent organ transplant rejection.22  CypA-deficient mice showed resistance to 

CsA-induced immunosuppression,23 which means the immunosuppressive effect of 

CsA is mainly from its binding to CypA among several CsA-binding Cyps. 

The use of CsA as a drug is limited owing to its properties. The powerful 

immunosuppressive activity of CsA, in some cases, prevents its use for other non-

immunosuppressive purposes. Furthermore, clinical use of CsA showed severe 

adverse effects, particularly nephrotoxicity.24, 25 Drugs targeting central nerve system 

(CNS) diseases require the ability to permeate blood-brain barrier (BBB), the 

gatekeeper of the CNS.26 However, CsA has poor BBB permeability due to its large 

molecular volume and the activity of drug efflux pump, P-glycoprotein.27, 28 

Thereby, a variety of strategies were introduced according to their goals. There have 

been bunch of studies to overcome the adverse effects and limitations of CsA, many 

of which were focused on the modification of CsA by the synthesis of its 

derivatives.29-31. In other studies, CsA was conjugated with lipophilic cations such as 

triphenylphosphonium (TPP) or quinolinium to target mitochondria for the selective 

inhibition of CypD. 32-34 De novo identification studies of Cyp inhibitors were also 

performed with several different strategies such as fragmentation-based methods35, 

36 or virtual screening approach.37, 38  

Peptoids, a class of peptidomimetic constituted of N-substituted glycines, generally 

possess better proteolytic stability and cell permeability compared to their peptide 

counterparts with the same functionalities.39-41 Particularly, cyclic forms are known 

to have even better cell permeability and more rigid structure which enables tighter 
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binding to their targets.42 

 To my knowledge, there has been no study identifying novel inhibitors of Cyps by 

OBOC (One-Bead-One-Compound) peptoid library screening approach. Herein, 

therefore, OBOC cyclic peptoid library was constructed to identify the inhibitors of 

the most important therapeutic target isoforms, CypA and CypD. As Cyps have 

highly conserved sequence among the isoforms, especially in their binding pockets, 

the representative CypA was used to screen Cyp inhibitors. From the MS/MS 

sequencing data, ten compounds were synthesized and their potency as Cyp 

inhibitors were evaluated. Compared to CsA, peptoid I11 showed equipotent 

inhibition of CypD activity, represented as mitochondrial membrane potential 

recovery effect, with better BBB permeability and lower cytotoxicity. 
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Experimental Section 

1. Peptoid synthesis 

 

1.1 Synthesis of cyclic peptoids 

Rink amide MBHA resins (100 mg, 0.051 mmol, 0.51 mmol/g) were swollen with 

dimethylformamide (DMF, 5 mL, RT, 5 min). The resins were placed in a microwave 

vessel with 5 mL of 20% piperidine in DMF and irradiated for 2 min (ramping time 

for 1 min) at 5 W power on an SPSS microwave peptide synthesizer (Discover, 

CEM). The resins were washed with DMF (5 mL × 1 min, 3 times) and 

dichloromethane (DCM, 5 mL × 1 min, 3 times). Then, a solution of N-α-Fmoc-

Cys(4-methoxytrityl)-OH (63 mg, 0.10 mmol), Benzotriazole-1-yl-oxy-tris-

pyrrolidino-phosphonium hexafluorophosphate (PyBOP, 53 mg, 0.10 mmol ) and 

N,N-diisopropylethylamine (DIPEA, 17.8 µL, 0.10 mmol) in 5 mL of DMF were 

added and microwave irradiated for 5 min (ramping time for 2 min) at 5 W power. 

The temperature was set at 35 °C for both Fmoc deprotection and coupling step.  

For peptoid coupling, amidation with bromoacetic acid (BAA) and SN2 

substitution reaction by various primary amines were performed in sequence. Briefly, 

the primary amines were then performed amidation reaction with bromoacetic acid 

(BAA) (2 M in DMF, 1.0 mmol, 20 eq) and diisopropylcarbodiimide (DIC) (2 M in 

DMF, 1.0 mmol, 20 eq) by microwave irradiation at 35 ℃ for 2 minutes 2 min. After 

the washing step, Br was substituted with an amine (2 M in DMF, 1.0 mmol, 20 eq) 

at RT for 2 h. This bromoacetylation-amination cycle was repeated overall 5 times 
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to complete the sequence of each penta-peptoid. When the fifth amination was 

completed, the beads were treated with chloroacetic anhydride (CAA) (2 M in DMF, 

1.0 mmol, 20 eq) for terminal chloroacetylation. For selective deprotection of 

methoxytrityl group of Cys residue, the resins were treated with 2 mL of a solution 

of a solution of 2% trifluoroacetic acid (TFA), 5% triisopropylsilane (TIS) in DCM 

and shaken for 2 minutes followed by removal of the solution. This cycle was 

repeated 10 times for thorough deprotection of methoxytrityl group. After washed, 

the beads were treated with 10% DIPEA in DMF for neutralization (RT, 10 minutes). 

The linear peptoid loaded resins were then treated with 2M DIPEA in DMF overnight 

at RT for macrocyclization. Crude cyclic peptoids were recovered from the resin by 

incubation with a cleavage cocktail containing 95% TFA, 2.5% TIS and 2.5% water 

for 2 h at RT. All peptoids were then purified with HPLC using Zorbax C18 (3 m, 

4.6 x 150 mm) column as the stationary phase. For the mobile phase, buffer A (water 

with 0.1% v/v TFA) and buffer B (acetonitrile with 0.1% v/v TFA) were used as a 

gradient. 

 

1.2 Synthesis of TAMRA-labeled peptoids 

TAMRA-labeled peptoids were synthesized with the same procedure with the 

synthesis of unlabeled cyclic peptoids. Instead of Fmoc-Cys(4-methoxytrityl)-OH, 

Fmoc-Lys(4-methoxytrityl)-OH (100 mg, 0.16 mmol) solution was added with 

PyBOP (92.1 mg, 0.18 mmol) and DIPEA (22. 9 μL, 0.13 mmol) in 5 mL of DMF 

and irradiated for 5 min using microwave (ramping time for 2 min) at 5 W power. 
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Amine of this Lys will be conjugated with 5(6)-TAMRA (5-(and 6)-

Carboxytetramethylrhodamine) at the end of the synthesis. After washing step, Fmoc 

protection group was removed by 5 mL of 20% piperidine in DMF by irradiating for 

2min using microwave. After washing, the solution of Fmoc-NH-PEG-COOH (9 

atoms) (60 mg, 0.16 mmol), PyBOP (92.1 mg, 0.18 mmol), DIPEA (22. 9 μL, 0.13 

mmol) were added and irradiated for 5 min. After washing, Fmoc deprotection and 

another washing step, Fmoc-Cys(tert-butylthio)-OH (67.3 mg, 0.16 mmol), PyBOP 

(92.1 mg, 0.18 mmol), DIPEA (22. 9 μL, 0.13 mmol) were added to the resins and 

irradiated with microwave for 5 min. After Fmoc deprotection, coupling of peptoid 

monomers was performed using the same procedure used in the synthesis of 

unlabeled peptoids. After CAA coupling and washing step, tert-butylthio protection 

group of Cys was deprotected by modified Beekman protocol.43 In brief, the resins 

were moved to 5 mL round bottom flask and tributylphosphine (32.5 μL, 0.13 mmol) 

in NMP (N-methyl pyrolidone) : water = 9:1 (1620 uL: 180 uL) was added and stirred 

for 1 h in N2. After washing step, same procedure was repeated with 10 equivalents 

(65 μL, 0.26 mmol) of tributylphosphine instead of 5 equivalents. Cyclization and 

Mmt deprotection were performed with the same procedure used in the synthesis of 

unlabeled peptoids. The solution of 5, (6)–TAMRA (44.8 mg, 0.1 mmol), N-

Hydroxybenzotriazole (HOBt, 14.1 mg, 0.1 mmol), 2-(6-Chloro-1H-benzotriazole-

1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU, 43 mg, 0.1 mmol), 

DIPEA (30.5 μL, 0.17 mmol) was added to the resins for the TAMRA coupling (2 h, 

RT). All TAMRA-labeled peptoids were then purified with the same HPLC methods 

used in the purification of unlabeled peptoids. 
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1.3 Synthesis of Cy5.5-labeled peptoid 

Synthesis of Cy5.5-labeled peptoid I11 was performed following the same 

procedure with the synthesis of TAMRA-labeled peptoids. At the final step, instead 

of 5, (6)-TAMRA and other reagents, the solution of Cyanine 5.5 NHS ester (11.7 

mg, 0.015 mmol), DIPEA (3.1 μL, 0.02 mmol) in 1 mL of DMF was added to the ca. 

20 mg resins (O/N, RT). 

 

2. Anti-inflammatory activity 

 

Jurkat cells were maintained in RPMI medium supplemented with 10% fetal 

bovine serum, penicillin, streptomycin at 37 ℃ in a 5% CO2 incubator. To monitor 

the expressed mRNA levels of the proinflammatory cytokine interleukin 2 (IL-2), 

Jurkat cells (4 x 105 cells) were treated with 10 ng/mL of Phorbol 12-myristate 13-

acetate (PMA) and 1 µg/mL of ionomycin in the presence of 40 µM of cyclic 

peptoids for 6 h at 37 ℃ in a 5% CO2 incubator. As a positive control, 10 nM of CsA 

was used. The cells were then centrifuged at 14,000 rpm for 2 min at 4 ℃ and the 

supernatants were removed. The total RNA was isolated using TRIzolTM Reagent 

(InvitrogenTM) following the manufacturer’s instruction. The isolated RNA was 

quantified with multimode microplate reader (Spark; TECAN) and 1 μg of each was 

used to prepare the cDNA using TOPscriptTM RT DryMix (Enzynomics). Treated 

with RNase H, the cDNA was incubation for 20 min at 37 ℃. The expressed IL-2 
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level of each sample was examined using TOPrealTM qPCR 2× PreMIX (Enzynomics, 

#RT500M) following a modified manufacturer’s instruction. The housekeeping gene 

GAPDH was used as a reference for qPCR. The qPCR was performed with real-time 

PCR cycler (Rotor-Gene Q, QIAGEN). 

 

3. Binding affinity measurement 

 

1.1 Surface Plasmon Resonance (SPR) 

 The binding experiment were performed at BIACORE 3000 (GE Healthcare). 

Phosphate buffered saline (PBS) was used as a running buffer for the entire 

SPR assay. Carboxylic acids on the surface of CM5 sensor chip were activated 

by a mixture of equivalent volume of EDC (0.4 M) / NHS (0.1 M). A solution 

of streptavidin (1 mg/mL) was 1,000-fold diluted in sodium acetate (pH 5.5) 

and immobilized on both analyzing channel and the reference channel by the 

amine coupling method. Streptavidin (c.a. 5,000 RU) was immobilized at each 

flow channel. For further immobilization of biotinylated CypA and biotin on 

each channel, CypA and biotin were diluted in PBS before injection. CypA 

were immobilized at 3200 RU and 2600 RU for two independent experiments. 

Then, 10 mM of each cyclic peptoid in DMSO was diluted to 20 µM in PBS 

and analyzed for SPR screening. As a negative control, 0.2% DMSO in PBS 

was used. 

 

1.2 Fluorescence Anisotropy  
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 The binding constant of the peptoid to Cyps was determined by fluorescence 

anisotropy titration as previously described. To monitor fluorescence 

anisotropy change of 5-TAMRA-labeled peptoids upon addition of CypA 

(Sino Biological, #10436-H08E) or CypD (LifeSpan Biosciences, LS-G3522), 

20 or 40 nM 5-TAMRA-peptoids in 35 mM HEPES buffer (10 mM NaCl, pH 

= 7.8) were used as the fluorescence probes. The probe solution was excited 

at 550 nm and monitored at 580 nm (each band path 10 nm) at 25 °C in a final 

volume of 500 μL using a LS55 fluorescence spectrometer (Perkin Elmer) 

equipped with a thermo-controlled water circulator. The integration time was 

10 s. A solution of CypA (or CypD) was added and the anisotropy was 

monitored at each concentration of CypA (or CypD). The average results of 5 

measurement were used and binding affinities were calculated using Prism 8 

(GraphPad Software Inc.) by an equation below.  

 

A = A0 + ∆A{([Cyp] + [Peptoid]0 + KD) – (([Cyp] + [Peptoid]0 +KD)2 – 

4[Cyp][Peptoid]0)
1/2}/2[Peptoid]0  

 

 Where A and A0 are the fluorescence anisotropy of labeled peptoids in the 

presence and absence of Cyps, respectively. ∆A is the fluorescence anisotropy 

in the presence of Cyp minus in the absence of Cyp. [Cyp] and [Peptoid]0 are 

the concentrations of Cyp and initial peptoid respectively. 
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4. Blood-brain barrier (BBB) permeability measurement 

The BBB permeability of the peptoids and CsA were analyzed using parallel 

artificial membrane permeability assay (Corning, cat. 353015). The experiment was 

triplicated. Five L of 2% (w/v) brain polar lipid extract (Avanti, cat. 141101P) in 

dodecane was loaded on the porous PVDF membrane carefully before use. Two 

hundred L of 100 M peptoids and CsA in 5% DMSO in PBS were loaded on each 

donor well. On each acceptor well, 300 L of PBS with 5% DMSO was loaded. After 

16 h at room temperature, the concentrations of each well were determined using a 

HPLC (Agilent 1100 series). The concentrations of peptoids and CsA were 

determined from the calibration curves obtained from serial diluted solutions of each 

compound. A reverse phase C18 (3 m, 4.6 x 150 mm) column was used as the 

stationary phase. For the mobile phase, buffer A (water with 0.1% v/v TFA) and 

buffer B (acetonitrile with 0.1% v/v TFA) were used as a gradient. The gradient 

conditions are as follows: linear gradient 40-60% B over 10 min. In case of CsA, 

linear gradient of buffer C (Water:ACN:MeOH=64:34:3) was used at 65 °C. 

 

5. Mitochondrial membrane potential recovery (JC-1) 

5.1 Microplate reader 

A JC-1 kit (Sigma CS0390A) was used to measure the difference of 

mitochondrial membrane potential (Δm) in SH-SY5Y cells according to the 

manufacturer’s protocol. Briefly, a solution of JC-1 dye in Staining Solution 
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(Sigma CS0390) 3 mL was added to a suspension of SH-SY5Y cells (3 × 106 cells 

in 3 mL in DMEM complete media) and incubated with final 2 µM of JC-1 dye 

(Sigma T4069) for 20 min at 37 °C. Mitochondrial membrane potential, 

represented as JC-1 ratio, was determined by measuring fluorescence intensity at 

excitation 485 nm, emission 590 nm for red fluorescence (J-aggregate) and at 

excitation 485 nm and emission 526 nm for green fluorescence (JC-1 monomer) 

using a microplate reader (Tecan Spark® ) at 37 °C. Ratio red/green fluorescence 

15 min after adding antimycin A, CsA or I11 was calculated for each condition. A 

total of three independent experiments were performed and each experiment was 

duplicated. 

 

5.2 Confocal Laser Scanning Microscopy (CLSM)  

SH-SY5Y cells (5 x 104 cells/well) were seeded on a 35 mm x 10 mm confocal 

dish (SPL, 200350) and incubated 24 h. Cells were stained with JC-1 (2 μM) at 

37 °C for 15 minutes and washed with complete DMEM media. Antimycin A (20 

μM), CsA (1 μM) and I11 (1 μM) were treated to each sample for 15 minutes. After 

PBS washout, cells were observed using confocal laser scanning microscope (Zeiss, 

LSM 880) with 40x lens. For the measurement of JC-1 monomer intensity, 488 nm 

laser was used with the filter range of 493 nm - 544 nm. For the J-aggregate, 561 

nm laser was used with the filter range of 577 nm - 631 nm. 

 

6. Cell viability assay 

 

SH-SY5Y cells (1.0 × 104 cells/well) were seeded on a 96-well plate and incubated 

24 h. Cells were incubated with final 10 M of each peptoid in 5% DMSO in DMEM 
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media. After incubation at 37 °C for 24 h, cell viability was analyzed using WST-1 

assay (DoGen, cat. EZ-3000). Absorbance of each well was measured at 450 nm 

using a multimode microplate reader (TECAN, Spark). The viability was calculated 

by the ratio of the absorbance of chemical treated cells to that of not treated cells. 

 

7. Biodistribution 

Four hundred μM of Cy5.5-I11 was prepared in a vehicle solution (saline:Tween-

20:DMSO=83.3:10:6.7). One hundred twenty five μL (0.05 μmol, 86.9 μg) was 

injected intravenously to 6 week old BALB/c nude mice via tail (n=3). While the 

mice being anesthetized with isoflurane in oxygen gas, in vivo imaging was 

performed with IVIS Spectrum CT (Perkin Elmer) using instrumental settings for 

Cy5.5 dye. Mice were sacrificed 230 min post-injection, and then brain, kidney, heart, 

spleen, lung and liver were collected from each mouse without delay. Fluorescence 

intensity of Cy5.5-I11 in each organ was measured and its biodistribution (%) was 

calculated by the ratio of total radient efficiency [(p/sec/cm2/sr)/(μW/cm2)] for each 

organ to the total radient efficiency sum of analyzed six organs. 
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Results and Discussion 

Design and Synthesis of macrocyclic peptoid library. 

Macrocyclic peptoid library, chosen to screen to target protein CypA, was 

constructed using ten different amines which substitute bromide of bromoacetic 

amide to form N-substituted glycines. Amines were incorporated to the OBOC 

library five times by split-and-pool method, thus composed of cyclic 5 peptoid 

monomers with theoretical diversity of 105. Three groups of monomeric amines were 

chosen, composed of two linear aliphatic amines (X group), two cyclic amphiphatic 

amines (Y group), and six aromatic amines (Z group) (Fig. 2) among commonly used 

amine residues for peptoid library.44 Thereby, the cyclic penta-peptoids achieve the 

hydrophobicity to bind to the binding pocket. The structural diversity made in the 

peptoid library also allowed for the determination of binding affinity variation 

against target protein within each respective sequence. 

TentaGel® B Boc/NH2 (Rapp Polymere, #B30902.12) bi-functional resin was used 

for screening and identification of selected peptoids at the same time. Linear peptoids 

and cyclic peptoids were loaded respectively on free amine residues inside and BOC 

protected residues outside, as shown in Fig. 3 (details in Fig. 4). Thereby, the cyclic 

peptoids were readily exposed to bind to the target protein, and the linear peptoids 

inside the resin corresponding to the sequences of the cyclic peptoids were 

designated to be sequenced by CNBr cleavage. 
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Library screening and selection of cyclic peptoids binding to CypA. 

CypA was chosen as a target protein for peptoid library screening, since CypA is a 

major target of CsA and easily expressed stable protein among Cyp isoforms. It was 

hypothesized that the similarity of CypA and CypD would allow CypA binding 

peptoids to bind both isoforms and have mitochondrial membrane potential recovery 

potency as well as anti-inflammatory properties. Streptavidin-conjugated magnetic 

bead (DynabeadsTM M-270 Streptavidin, Thermo Fisher Scietific) was used to screen 

the peptoids binding to biotinylated CypA. Biotinylation was performed using 

activated biotinylation reagent, EZ-LinkTM Sulfo-NHS-LC-LC biotin (Thermo 

Scientific). Before selection, magnetic beads were incubated with StartingBlockTM 

(Thermo Scientific) to remove nonspecific binders. The tight binding peptoids to 

CypA were pulled out using a magnet by eliminating the unbound and weak binding 

peptoids through thorough washing step (Fig. 1). Among 105 OBOC library, 100 

beads were selected out by affinity with streptavidin-coated magnetic beads.45 Each 

peptoid was sequence analyzed using MS/MS sequencing method (Table 1). To 

obtain sufficient lipophilicity and hydrophobicity, peptoids including at least two 

aromatic peptoid monomer (Z group) amines were preferred. Thereby, each cyclic 

peptoid was selected in the following criteria. First, it included at least two aromatic 

peptoid monomers in Z group (88 peptoids out of 100 selected peptoids), but rejected 

consecutive Z to avoid crowdedness (28 peptoids). Second, at least two aliphatic 

peptoid monomers in X group and one Nleu were included (10 peptoids) to mimic 

CsA binding since two N-methyl-leucines of CsA are involved in binding to CypA.46 
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Finally, highly graded 10 cyclic peptoids were individually synthesized and used for 

further studies (Table 2, Fig. 5-8).  
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Figure 1. OBOC cyclic peptoid library construction and screening of CypA 

inhibitors. 
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Figure 2. Amine monomers for peptoid library construction. 
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Figure 3. General scheme for the construction of sequenceable OBOC cyclic 

peptoid library using bi-functional resin. 
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Figure 4. Synthetic details for the construction of sequenceable OBOC cyclic 

peptoid library using bi-functional resin.    
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Table 1. Names and sequences of 100 peptoids. 
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Figure 5. Sequences and structures of 10 selected peptoids. 
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Figure 6. Synthetic scheme for cyclic peptoids. 
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Figure 7. Synthetic details for cyclic peptoids. 
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Figure 8. Chromatograms of cyclic peptoids 

 

H3 was obtained as a white powder. The HPLC chromatogram of H3 is shown below 

(100% purity). 

 

H9 was obtained as a white powder. The HPLC chromatogram of H9 is shown below 

(96% purity). 

 

H11 was obtained as a white powder. The HPLC chromatogram of H11 is shown 

below (100% purity). 
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H17 was obtained as a white powder. The HPLC chromatogram of H17 is shown 

below (100% purity). 

 

H23 was obtained as a white powder. The HPLC chromatogram of H23 is shown 

below (100% purity). 

 

I4 was obtained as a white powder. The HPLC chromatogram of I4 is shown below 

(100% purity). 
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I11 was obtained as a white powder. The HPLC chromatogram of I11 is shown below 

(93% purity). 

 

I14 was obtained as a white powder. The HPLC chromatogram of I14 is shown 

below (99% purity). 

 

I15 was obtained as a white powder. The HPLC chromatogram of I15 is shown 

below (96% purity). 
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J1 was obtained as a white powder. The HPLC chromatogram of J1 is shown below 

(100% purity). 
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Table 2. Sequence and mass data of cyclic peptoids. 

 

Peptoid Sequence 
MS [M+H]+  

Calcd. Obsd. 

H3 cyclo[Cys-Ndmba-Napp-Nleu-Nmea-Npip] 969.43 969.63 

H9 cyclo[Cys-Npip-Nmea-Nnaph-Nleu-Npip] 968.38 968.60 

H11 cyclo[Cys-Ndpe-Ncpa-Nmea-Nleu-Ndcp] 980.38 980.61 

H17 cyclo[Cys-Ndcp-Nmea-Nleu-Nmea-Ndcp] 962.25 964.41 

H23 cyclo[Cys-Ndmba-Nmea-Ncpa-Nleu-Ndcp] 950.36 950.49 

I4 cyclo[Cys-Ndmba-Napp-Nleu-Nmea-Npip] 969.43 969.60 

I11 cyclo[Cys-Npip-Ncpa-Nleu-Nnaph-Nleu] 900.43 900.53 

I14 cyclo[Cys-Nmea-Nleu-Nbn-Ncpa-Ndcp] 890.34 890.36 

I15 cyclo[Cys-Ndmba-Nleu-Ndcp-Nleu-Ncpa] 948.38 948.51 

J1 cyclo[Cys-Ndpe-Nmea-Napp-Nleu-Npip] 999.46 999.52 
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 Anti-inflammatory effects of selected peptoid 

To evaluate the anti-inflammatory properties of cyclic peptoids interacting with the 

immunophilins, anti-inflammatory effects were screened against stimulated T cells. 

As it is known that the immunosuppressant drug, CsA, suppresses the expression of 

interleukin-2 (IL-2) as an index of T-cell immune response by the formation of CsA-

CypA complex that inhibits calcineurin/nuclear factor of activated T cells (NFAT) 

signaling (Fig. 9). It was assumed that the cyclic peptoids might also show inhibition 

of IL-2 expression when bound to CypA. Anti-inflammatory effects were screened 

by determining the reduction of mRNA production of IL-2 stimulated with phorbol-

12-myristate-13-acetate (PMA) and calcium ionophore in Jurkat cells. As previously 

reported, CsA at 10 nM strongly suppressed the mRNA expression of IL-2. In the 

presence of 40 µM of cyclic peptoids, six out of ten cyclic peptoids showed over 50% 

inhibition effect (Fig. 10). As the most effective peptoid, I11 showed dose-dependent 

IL-2 inhibition as well (Fig. 11). The result showed that selected peptoids may form 

a complex with CypA, which consequently showed the repression of IL-2 expression. 

For further confirmation, binding affinities of these peptoids to CypA were 

monitored. 
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Figure 9. Schematic model for the inhibition of anti-inflammatory activity 

of CypA by CsA or cyclic peptoids. 

 

 

 

Figure 10. Relative IL-2 inhibition of selected cyclic peptoids (40 μM) 

presented as % of CsA (10 nM). 

* All experimental data are shown as mean ± SD (n=4). 
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Figure 11. Relative IL-2 inhibition of I11 as concentration-dependent 

manner. 

 

 

* All data are shown as mean ± SD (n=2); *P ≤ 0.05; **P ≤ 0.01; NS, not significant; Unpaired Student’s t-test was 

performed using GraphPad Prism 8. 
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Binding affinity of peptoids to CypA 

Next, I performed binding affinity measurements of cyclic peptoids to CypA by 

surface plasmon resonance (SPR) binding analysis (Fig. 12 - 14) and fluorescence 

anisotropy analysis (Table 4, Fig. 18). According to SPR results, relative binding 

efficiencies of the peptoids were positively correlated with the anti-inflammatory 

effects (Fig. 15, Spearman’s r = 0.782, P = 0.01). Here, I confirmed the validity of 

initial experimental design to identify the inhibitors of CypA activity by screening 

CypA binders. 

 Four peptoids, effective in anti-inflammatory activities corresponding above 70% 

of inhibition efficiency, I11, H11, H17, and I15 were labeled with TAMRA 

fluorescent dye for the fluorescence anisotropy analysis (Table 3, Fig. 16 - 17). The 

results (Table 4, Fig. 18) confirmed that the most effective anti-inflammatory peptoid, 

I11, binds to CypA with KD = 150 ± 30 nM. Meanwhile, the binding affinity of CsA 

to CypA is shown as 81 ± 15 nM, which is similar with the previous report using 

intrinsic fluorescence intensity of Trp at the binding site.47  
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Figure 12. Concept of SPR-based relative binding affinity screening. 

 

 

 

Figure 13. Representative SPR sensorgrams for the interaction of selected 

compounds with CypA. 
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Figure 14. Relative binding affinity of cyclic peptoids presented as % of 

CsA. 

* All experimental data are shown as mean ± SD (n=2). 

 

Figure 15. Correlation of binding affinity to CypA and IL-2 inhibition of 

cyclic peptoids. 
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Figure 16. Synthetic details for TAMRA-labeled cyclic peptoids. 
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Figure 17. Chromatograms of TAMRA-labeled cyclic peptoids. 

 

TAMRA-H11 was obtained as a red powder. The HPLC chromatogram of TAMRA-

H11 is shown below (100% purity). 

 

TAMRA-H17 was obtained as a red powder. The HPLC chromatogram of TAMRA-

H17 is shown below (98% purity). 

 

TAMRA-I11 was obtained as a red powder. The HPLC chromatogram of TAMRA-

I11 is shown below (98% purity) 
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TAMRA-I15 was obtained as a red powder. The HPLC chromatogram of TAMRA-

I15 is shown below (100% purity). 
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Table 3. Sequence and mass data of TAMRA-labeled peptoids. 

 

Peptoid Sequence 
MS [M+H]+  

Calcd. Obsd. 

TAMRA-H11 Rho-Lys-peg-cyclo[Cys-Ndpe-Ncpa-Nmea-Nleu-Ndcp] 1665.69 1665.16 

TAMRA-H17 Rho-Lys-peg-cyclo[Cys-Ndcp-Nmea-Nleu-Nmea-Ndcp] 1647.56 1649.03 

TAMRA-I11 Rho-Lys-peg-cyclo[Cys-Npip-Ncpa-Nleu-Nnaph-Nleu] 1585.74 1586.15 

TAMRA-I15 Rho-Lys-peg-cyclo[Cys-Ndmba-Nleu-Ndcp-Nleu-Ncpa] 1633.69 1633.96 
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* All experimental data are shown as mean ± SD (n=3). 

 

 

 

 

 

* The data points represent mean ± SD (n=3).              * The data points represent mean ± SD (n=3). 

 

  

Table 4. Binding affinity to CypA measured by fluorescence anisotropy. 

Figure 18. Fluorescence anisotropy binding curves for CsA-CypA and I11-CypA 

interaction. 
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Optimization 

To exert equipotent CypA inhibition to CsA, represented by suppressed expression 

of IL-2, 4,000 times higher concentration of the selected peptoids were needed. Even 

though the peptoids possess better properties such as lower cytotoxicity or better 

solubility, the optimization of the peptoids was required. I11, which showed most 

potent anti-inflammatory activity among the peptoids, was selected for the 

optimization. Since peptoids are poly N-substituted glycines, replacement of each 

peptoid monomer with glycines would show the contribution of each monomer to 

the binding to CypA (Fig. 19). Among five monomers, when the Npip was 

substituted with glycine, I11 lost the least CypA inhibiting activity, which showed 

the smallest contribution of Npip to the binding (Fig. 20). While Npip-to-Nleu 

substitution of I11 lost most of its IL-2 inhibition, replacement with bulkier Nnaph 

or Ndpe showed four times improvement of the IL-2 inhibition activity of I11 at 10 

μM. (Fig. 21 - 23). Still, one thousand times higher concentration of I11Ndpe was 

needed to show equipotent CypA inhibition to CsA. It seemed like this gap of 

efficiency cannot be narrowed easily even with further optimization. Therefore, I 

decided to focus on the monitoring of CypD inhibiting potency of the peptoids. 
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Figure 19. Glycine scanning of peptoid I11. 

 

Figure 20. IL-2 inhibition of glycine scanning mutants of I11. 

 

* All data are shown as mean ± SD (n=2); *P ≤ 0.05; **P ≤ 0.01; Unpaired Student’s t-test was performed compared 

to I11 using GraphPad Prism 8. 
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Figure 22. Loss of IL-2 inhibition of Npip-to-Nleu substitution of I11. 

 

* All data are shown as mean ± SD (n=2). 

  

Figure 21. Modification of peptoid I11. 
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Figure 23. Improved IL-2 inhibition of modified I11. 

 

 

* All data are shown as mean ± SD (n=2). 
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Binding affinity of peptoids to CypD 

The binding affinities of cyclic peptoids to CypD were determined by fluorescence 

anisotropy method to select the effective CypD inhibitors. The results showed that 

I11 binds to CypD with KD = 619 ± 96 nM, while another peptoid, H17, binds to 

CypD with KD = 308 ± 28 nM (Table 5, Fig. 24). Even though the binding affinity of 

H17 to CypD is twofold stronger than that of I11, the anti-inflammatory activity of 

I11 is better than that of H17 at the same concentration. 
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* All data are shown as mean ± SD (n=3). 

 

 

 

 

 

* The data points represent mean ± SD (n=3).              * The data points represent mean ± SD (n=3). 

 

 

Table 5. Binding affinity to CypD measured by fluorescence anisotropy. 

Figure 24. Fluorescence anisotropy binding curves for CsA-CypD and I11-

CypD interaction. 
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Brain PAMPA 

Brain permeability of neuroprotective agents is an important issue. Thus it is 

valuable to investigate blood-brain barrier (BBB) permeability of the compounds for 

CNS use. I tested passive permeability of the peptoids across BBB using parallel 

artificial membrane permeability assay (PAMPA) layered with porcine polar brain 

lipid extract (Table 6, Fig. 25).48-50 Peptoid I11 was shown to penetrate the BBB-

mimic artificial membrane most efficiently, of which the effective permeability value, 

Pe, was calculated as 3.8 × 10-6 cm s-1, close to the high BBB permeation class (Pe 

(10-6 cm s-1) > 4.0) according to the previous report.50 Verapamil was chosen as a 

high permeability standard (Pe = 18 × 10-6 cm s-1), of which the result was almost 

same as the previously reported data.50 Based on the results, I11 showed the most 

efficient BBB permeability followed by H17 and CsA in sequence. Therefore, 

peptoid I11 was chosen for further mitochondrial studies. 
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Figure 25. Concept of BBB-PAMPA. 

 

 

 

 

 

 

Table 6. Effective permeability (Pe) value from BBB-PAMPA. 

 

* All data are shown as mean ± SD (n=3). 
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Mitochondrial membrane potential recovery effects in neuronal cell  

A variety of neuroprotective drugs have been investigated for restoring the 

mitochondria function. CsA is the most extensively studied drug by through the 

mechanism of inhibiting the opening of mitochondrial mPTP.34, 51 However, the 

physicochemical property of CsA inhibits its penetration of CNS barrier. As the most 

promising candidate for functional recovery of damaged mitochondria, 

mitochondrial membrane potential recovery effect of I11 was monitored by 

fluorescent JC-1 assay (Fig. 26 - 27). The mitochondrial function was examined in 

SH-SY5Y neuroblastoma cells using one of mitochondrial respiratory inhibitors, 

antimycin A. The JC-1 ratio, which represents the mitochondrial membrane potential 

(Δψm), was decreased to 0.73 by the treatment of antimycin A at 20 µM. In the 

presence of CsA as positive control, dose-dependent increase was observed in the 

ratio. One µM of CsA increased the JC-1 ratio up to 0.91, which is not significantly 

different compared with the normal condition, while 1 µM of peptoid I11 recovered 

JC-1 ratio up to 0.83. This is prominent finding in that the binding affinity of peptoid 

I11 is four-fold weaker than that of CsA. In summary, these results showed that the 

depolarized mitochondrial membrane potential was recovered by the treatment of 

I11 as concentration-dependent manner.  
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Figure 26. Analysis of mitochondrial membrane potential in SH-SY5Y cells 

using JC-1 assay. 

*All data are shown as mean ± SD (n=3); *P ≤ 0.05; ***P ≤ 0.001; NS, not significant; Unpaired Student’s t-test 

was performed compared to 0 nM using GraphPad Prism 8. 
 

Figure 27. Monitoring of mitochondrial membrane potential in SH-SY5Y 

cells using CLSM. 
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Cytotoxicity 

Cytotoxicity of the peptoids and CsA was examined in SH-SY5Y cells (Fig. 28). 

All the examined peptoids showed significantly better cell viability than CsA at the 

concentration of 1.1 µM, 3.3 µM and 10 µM. I11 showed no cytotoxicity up to 10 

µM. Compared to CsA, I11 showed more than 20% higher cell viability at 1.1 µM, 

while the difference was bigger to 30% at 10 µM. 

 

 

 

 

 

* All data are shown as mean ± SD (n=4). 

  

Figure 28. Effects of CsA and peptoids on viability of SH-SY5Y cells. 
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Biodistribution 

 To monitor biodistribution of I11, Cy5.5-labeled I11 was synthesized (Table 7, Fig. 

29). Biodistribution of Cy5.5-labeled I11 was determined using IVIS Spectrum CT. 

Intense Cy5.5 signal was observed near the brain 30, 60, 90 and 230 min post-

injection (Fig. 30 a). According to ex vivo imaging results, 4% of Cy5.5-I11 was 

distributed in brain (Fig. 30 b - c). Although it is difficult to confirm the BBB 

permeable property of I11 with this result as there was no consideration of organ 

weights or other compounds to be compared, this could support the PAMPA result 

where I11 showed quite a high BBB permeability. 

 

Cy5.5-I11 was obtained as a blue powder. The HPLC chromatogram of Cy5.5-I11 is 

shown below (95% purity). 

 

 

 

Table 7. Sequence and mass data of Cy5.5-I11. 

Peptoid Sequence 
MS [M+H]+  

Calcd. Obsd. 

Cy5.5-I11 Cy5.5-Lys-peg-cyclo[Cys-Npip-Ncpa-Nleu-Nnaph-Nleu] 1738.92 1738.76 

Figure 29. Chromatogram of Cy5.5-I11. 
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Figure 30. Biodistribution of Cy5.5-I11 measured by IVIS Spectrum CT. 

 

* b) BN: brain; KD: kidney; HT: heart; SP: Spleen; LU: Lung; LV: Liver; c) All data are shown as mean ± SD (n=3). 
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Conclusion 

Cyclophilins (Cyps) were discovered more than 30 years ago but even today, the 

proteins are widely studied. It is maybe because of the accumulated body of data that 

human Cyps play critical roles in various human diseases. While the studies specify 

the roles of Cyps, there arise better understandings of the proteins, which in turn, 

produced more therapeutic targets to study. As previous studies showed the 

involvement of CypA in viral infection and replication, recent studies tried to apply 

the CypA inhibitors to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2), the virus causing the global pandemic, Coronavirus disease 19 (COVID-19). 52, 

53 To my knowledge, this is the first study that identified cyclic peptoid Cyp 

inhibitors using OBOC library. The experimental design of this study was to identify 

Cyp inhibitors by OBOC library screening against the representative isoform, CypA. 

Binding affinity to CypA and IL-2 inhibition of the cyclic peptoids were correlated, 

but somehow the biological effect was not enough for CypA, which can be attributed 

to small binding surface or low binding specificity of cyclic penta-peptoids to CypA. 

However, the small size of these peptoids is not always disadvantageous in that the 

small size as well as appropriate lipophilicity contributes to better BBB permeability, 

an important issue when targeting CNS diseases. According to the results, cyclic 

peptoid I11 and H17 showed better BBB permeability and less cytotoxicity 

compared to CsA. Particularly, I11 showed equipotent mitochondrial membrane 

potential recovery to CsA. In conclusion, using OBOC cyclic peptoid library, I 

identified a novel CypD inhibitor I11 as a potential CNS disease-targeting agent.  
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국문초록 

 

Cyclophilin (Cyp) 은 펩타이드 프롤린의 시스-트랜스 이성질화에 관여

하는 효소이다. 인간에게는 서열이 유사한 17 개의 Cyp 동형 단백질이 

있는데, 그 중 가장 많이 발현되어 있고 가장 먼저 발견된 것은 

cyclophilin A (CypA) 이다. CypA 는 주로 세포질에 위치하며 류마티스 

관절염, 알츠하이머 병, 암 및 바이러스 감염과 같은 많은 인간 질병에 

관여하고 있다. 최근에는 코로나바이러스감염증-19에 의한 팬데믹 상황

을 가져온 바이러스인 SARS-CoV-2 에 Cyp 저해제를 적용하려는 연구

도 이루어지고 있다. 또 다른 동형 단백질인 cyclophilin D (CypD) 는 

미토콘드리아의 기질에 위치하며, Ca2+에 의해 유도되는 미토콘드리아 

투과성 전이 기공 (mPTP, Mitochondrial permeability transition pore)

의 개방에 중요한 역할을 하는 것으로 알려져 있다. 미토콘드리아 투과

성 전이 기공이 열리면, cytochrome C 가 세포질로 방출되며 세포사멸

을 유도하여 여러가지 질병을 일으킬 수 있다.  

 한편, cyclosporine A (CsA) 는 Cyp 의 천연 억제제로, 적은 농도로 사

이클로필린 활성을 억제한다. 그러나 CsA 는 독성이 높은 편이고 용해

도가 낮아서 약으로 쓰이기 어려운 특징을 가지며, 뇌혈관장벽을 잘 통

과하지 못해서 중추신경계 약물로 사용하기 어렵다. 따라서 CsA 를 이

용할 수 있는 새로운 전략이나, 비슷한 효과를 내는 새로운 화합물의 개
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발이 필요하다. 

 이 연구에서는 OBOC (One-bead-one-compound) 고리형 펩토이드 라

이브러리를 이용하여 CypA 에 잘 결합하는 물질들을 얻고, 여러가지 실

험을 통해 새로운 Cyp 억제제를 발굴하고자 하였다. 고리형 펩토이드 

I11 은 CsA 와 비슷한 수준의 미토콘드리아 막 전위 회복 능력을 보이

면서, 세포 독성은 더 낮고 뇌혈관장벽에 대한 투과성은 더 좋을 것으로 

나타났다. 따라서 이 연구에서는 고리형 펩토이드 라이브러리의 구축 및 

스크리닝을 통해, 고리형 펩토이드가 가지는 장점을 이용하여, CypD 가 

관여하는 중추신경계 질환에 기존의 CsA 보다 더 적합한 물질을 발굴해 

내었다는 의의가 있다. 
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